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Abstract
Ionic Liquid Ion Sources (ILIS) are a subset of electrospray capable of producing bipolar
beams of pure ions from ionic liquids. Ionic liquids are room temperature molten salts,
characterized by negligible vapor pressures, relative high conductivities and surface ten-
sions lower than water. Compared with the colloid form of electrospray, renowned for its
applications to spectroscopy, ILIS yield highly monoenergetic beams composed entirely of
ions. In this respect they are similar to Liquid Metal Ions Sources, but offer the ability to
emit both positive and negative ions from a benign propellant that remains in the liquid
state over a wide range of temperatures.
When applied to spacecraft propulsion these sources are very power efficient and yield
high specific impulses. Furthermore. the low flow rates and negligible vapor pressures of
ionic liquids allow for passive feeding systems which can remain exposed to the vacuum
of space. This configuration would remove the need for pressurized propellant tanks or
valves, both of which are difficult to miniaturize for small satellites. However; the thrust
produced from each emitter is very low, less than 0.1 pN. As a result, compact arrays of
active ILIS have been sought since their discovery. If arrays of modest packing density (~ 5
emitters/mm 2) could be achieved, ILIS as thrusters would offer a scalable form of propulsion
capable of providing useful thrust levels to small satellites with performance comparable to
established, but difficult to miniaturize, plasma based ion engines.
This research has sought a technique for creating arrays of ILIS from bulk porous sub-
strates as part of an overall process for microfabricating complete thrusters. The thesis
includes a survey of potential fabrication methods considering both suitability for form-
ing arrays of ILIS and the ability to integrate each technique within a thruster packaging
process. Electrochemical etching is highly selective and can proceed at rates which are
limited by mass transport conditions. In this thesis we show how this etching regime can
be exploited to smoothly remove material from the surface of a bulk porous metal substrate
without damaging the internal pore structure. Dry film photoresists have been identified
as a suitable alternative to spin on techniques for porous materials and have been applied
within an electrochemical etching process.
A two step process for forming arrays of ILIS has been motivated using numerical sim-
ulations of the etching process to predict emitter profiles and investigate the impacts of
non-uniform etching conditions. These concepts have been applied experimentally using a
custom built, automated, etching station capable of repeatedly producing arrays of 480 emit-
ters spaced 500 pm apart on a 1 x 1 cm porous nickel substrate pre-mounted, and aligned,
within a silicon thruster package. The emitters are typically 165 p'm tall with rounded tips
suitable for operation as ILIS. Pulsed voltage conditions were found to significantly enhance
wafer level uniformity enabling fabrication of functional emitters within a few hundred Pm
of the substrate boundary. The structures have been smoothed and rounded, making them
suitable for use as ILIS, during a secondary etch process using electrolytes doped with nickel
chloride to suppress transient effects. These doped solutions enabled a few Pm of material
to be removed selectively from the porous surface while maintaining smooth features.
These arrays have been mounted and aligned with electrostatic grids to demonstrate
their emission capabilities. Propellant has been fed to the emitters by capillarity within the
porous bulk and then extracted at potentials as low as 850 V. Beam currents exceeding
several 100 pA at both positive and negative polarities have been measured using both EMI-
Im and EMI-BF 4 ionic liquid propellant. Two complete devices were tested yielding large
beam currents and very high transmission fractions (- 88-100 %) from both attempts. We
estimate that these devices can supply 10's of pN of thrust at modest operating potentials,
~ 1.5 kV. with a specific impulse of roughly 2000-3000 s. When completely packaged, the
thrusters measure 1.2 x 1.2 x 0.2 cm, weigh less than 1 g and require less than 0.65 W of
operating power. These characteristics would be ideal for a small satellites where volume,
mass and power are all at a premium, while the thrust levels would be sufficient to enable
a variety of orbit variation and attitude control maneuvers. For example, applied to a
CubeSat, this type of thruster system, including PPU, would occupy roughly 10 % of the
spacecraft volume and mass while enabling de-orbiting from an 800 km altitude in roughly
100 days, compared with many years when left to decay naturally.
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Committee Member: Manuel Martinez- S inchez
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Chapter 1
Introduction
Very small satellites are an exciting and emerging field. not just as thesis topics. but as
realistic platforms for performing useful missions in space. Their low development and
launch costs are equivalent to a new access to space which can be exploited by academia,
research groups and government agencies.
To be successful, a small satellite must have a very simple design. For one of the smallest
satellite types, CubeSats, this has resulted in satellites built to achieve a goal without any
form of active propulsion. Developing a simple propulsion system suitable for small satellites
would enable a wide variety of missions. Achieving this with existing propulsion technologies
is very difficult. Currently, established propulsion technologies which have been developed
for larger spacecraft with an emphasis on reliability, performance and versatility are often
discarded in favor of inefficient but small, simple propulsion systems (or none at all) simply
because the former are difficult to scale down.
The intention of this research has been to fabricate and then test planar electrospray
thrusters using porous substrate material. Specifically arrays of porous emitters intended
to serve as Ionic Liquid Ion Sources (ILIS) have been fabricated electrochemically using a
custom made processing tool. The work has been divided between fabrication of the emitter
arrays and subsequent experimental tests demonstrating their capabilities. Detailed reviews
and introductions of both electrospray sources and the fabrication challenges inherent in
attempting to create arrays of porous ILIS suitable for propulsion are given in Chapters 2
and 3 respectively.
In this introduction we focus on motivating the niche these thrusters could fill by demon-
strating their applicability to CubeSats. Relevant propulsion metrics and key features in-
herent in porous ILIS thrusters will be introduced as part of the discussion. Finally, this
chapter concludes with a summary of the contributions this research has made to both
microfabrication and electrospray sources.
1.1 CubeSats : A Type of Nano-Satellite
CubeSats are very small satellites which emerged in the last decade as an attractive option
for educational and research satellites due to their low launch and development costs. Be-
ginning in 2003, at least 26 CubeSats have been launched[1]. A single unit (or 1U) CubeSat
measures 10 cm x 10 cm x 10 cm, has a mass not exceeding 1 kg and has at most a few
Watts of onboard power available through solar panels[2, 3, 4]. Several U's can be combined
to form a larger satellite. The satellites are typically launched as secondary payloads and
are deployed from the launch vehicle using a simple spring mechanism once on orbit[4]. At
the time of writing no CubeSat has been launched with active onboard propulsion[3]. Useful
missions may be completed without active propulsion, for example using tethers or gravity
booms for stabilization[2], but introducing propulsion could expand mission capabilities.
As a baseline for what level of thrust could be useful for a CubeSat we can estimate the
atmospheric drag at the orbit altitude. If we are concerned with a CubeSat in a circular
orbit, the drag can be estimated with equations 1.1 and 1.2. Here, Fdrag is the drag force,
Cd is the drag coefficient (roughly 2[5]), Asat is the satellite projected area (~0.01 m2 here),
p is the atmospheric density, v is the spacecraft velocity, a is the satellite altitude from the
center of the earth and p is a constant equal to the mass of the earth multiplied by the
gravitational constat G (6.6743 x 10--1 m 3/kgs 2). Typical CubeSats orbit at an altitude of
~ 600-700 km above the earth's surface[1]. The maximum predicted atmospheric drag at
650 km is roughly 0.15 puN using tabulated atmospheric density data[6], while at 300 km
that value increases to ~ 23 pN.
Fdrag CAsat PV2 (1.1)
V = C(1.2)
Given these estimates, a suitable propulsion system might be one which provides thrust
levels of at least a few 10's of pN such that missions can be performed over a range of
altitudes without losing control over the orbital decay. Although, a tiny amount of force to
someone on the surface of the earth, we will see below that thrusts of this order are indeed
useful.
In addition to simply providing enough thrust, when applied to a CubeSat, the limited
size, mass and power are all significant constraints on the propulsion system. Determining
if a propulsion system can fit within these constrains involves understanding both the per-
formance of the thruster and its physical design constraints. For example, typical CubeSats
use solar panels capable of generating the ~ 1W of power cited above. However this requires
the sides of the CubeSat to be relatively free from other components to accommodate the
panels. Hence any propulsion system which relies on electrical power from solar panels
should have a small frontal area or risk a reduction in available power.
1.2 Propulsion Metrics
Before discussing some potential thruster options, it is useful to introduce some common
metrics and relations for describing spacecraft propulsion systems. Further details on these
concepts are available in the references[7, 8, 9]. The thrust, F, from an in-space propulsion
system is given by equation 1.3. Here rn, is the portion of propellant mass flow contributing
to thrust and Z is the average exhaust velocity.
F - rnye (1.3)
The efficiency of an electric spacecraft propulsion system, r/p measures the ability to
convert input electrical power, Pin (the product of the net current I and the voltage V),
into useful thrust power and is given by equation 1.4,.
- 1/2rnie& (1.4)
Pin
The specific impulse. Ip (s), is a measure of propellant economy for propulsion systems
and is defined in equation 1.5 as the ratio of thrust. F. to net mass flow rate, rlnet divided
by the acceleration due to gravity at sea level, g. The simplification to the right of the
equation results when the net propellant flow rate and that contributing to propulsion are
equal, as seen by substituting the thrust, F from equation 1.3 into equation 1.5 and setting
mp = mnet. In chemical rockets, where chemical energy is converted to thermal motion
prior to expansion through a nozzle, the specific impulse is typically less than ~ 450 s[10].
However; if the propellant is ionized and can be electrostatically accelerated as in this
research, the specific impulse can soar to many thousands of seconds[10]. For example the
NEXT grided ion engine developed by NASA JPL can operate with a specific impulse of
up to 4100 s[11].
Is F (1.5)
mnetg g
The benefit of a large specific impulse is a reduction in propellant mass required to
execute a manoeuver. Propulsive missions can be described in terms of their AV, equivalent
to the change in velocity in a force free environment (units m/s). For a constant specific
impulse system, equation 1.6 for the AV results by integrating Newton's second law[12]
from the beginning to the end of a propulsive maneuver. Here Amp is the propellant mass
consumed and mo is the initial spacecraft mass.
Amp = mO 1 - e I9 (1.6)
Hence lower propellant masses are required to perform the same AV missions using
systems with higher specific impulse. However; high specific impulse is not always beneficial.
As an example, consider a propulsion system constrained to operate efficiently within a
range of specific impulses and employed in a power limited system. The system thrust, as a
function of power, specific impulse and efficiency results by combining equations 1.3 through
1.4 leaving equation 1.7. We see that, for a constrained power application, a system designed
to operate at a very high specific impulse could be limited in terms of thrust. Consider
a CubeSat with 1 W of onboard power using a propulsion system designed to operate
optimally at a specific impulse of 10,000 s with an efficiency. including power delivery, of 50
%. For example some forms of grided ion engines (see the description below and[9, 10]), or
electrospray thrusters with high post extraction accelerations (see Chapter 2) could fit this
description. Using equation 1.7, the maximum thrust from such a device would be power
limited to only 10 ptN.
F 2P r/, (1.7)
1.3 Challenges for CubeSat Propulsion Candidates
Candidate propulsion systems for CubeSats are very limited, and as mentioned above, no
active system has been employed to date. Recently, Mueller, Hofer and Ziemer[3] com-
piled an extensive review of state of the art propulsion systems and their applicability to
CubeSats. In lieu of a detailed review, here we can consider as an example the challenges
inherent in applying grided ion engines, an electrostatic propulsion system with relatively
significant flight heritage[9], to a CubeSat.
In the discussion above, we have established that a suitable propulsion system need only
deliver a few 10's of pN of thrust to dominate over drag forces but that they must do so
within the tight mass, volume and area constraints of a CubeSat. Typical components com-
prising a grided ion engine system are shown schematically in Figure 1-1. These thrusters
are similar to the porous ILIS thrusters developed here in that they accelerate a beam
of charged ions electrostatically through electrostatic grids. The NEXT device mentioned
above, a large kW level thruster, can operate at high efficiencies. up to - 70%, at high
specific impulse levels, from a few 1000s up to 4100s, and yield thrust levels per unit area
up to - 1.5 N/m 2. These specific performance metrics would be well suited for a CubeSat
application. The high power efficiency and specific impulse are beneficial given the mass
and power constraints, while for a fully scalable device only a tiny amount of area would be
required to supply 10's of pN of thrust. Of course, the problem is that these devices are dif-
ficult to scale. and can not maintain such high specific performance within a small package
and at low power levels. Current miniaturized thrusters of this type require at least 10 W of
power, have electrical efficiencies lower than - 50 %[3] and, without any other components,
are several hundred grams in mass. This level of power would require complicated deployed
solar arrays, and as discussed below, the required ancillary components comprising such a
thruster are substantial.
The problem of miniaturization does not only involve reductions in specific metrics (like
Is, and thrust per unit area) but also challenges with miniaturizing the other components
which comprise the thruster system. Consider the general components for a grided ion en-
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Figure 1-1: Schematic of the components required for an electrostatic grided ion engine.
The discharge chamber includes either an internal cathode or a RF antenna to ionize the
gas, both require at least one dedicated power supply. The external neutralizer requires its
on propellant feed and additonal power supplies. Finally beam acceleration occurs through
at least two grids.
gine shown in Figure 1-1. The xenon propellant is stored in a pressurize vessel then fed to
the thruster through a series of valves and tubes. all of which are difficult to miniaturize[3].
Ionization then takes place in a discharge chamber, consuming volume, power and mass con-
verting the neutral propellant into useful positive ions. Ionization could be achieved in one
of two ways. In electron bombardment designs, an additional cathode is required within the
discharge chamber which passes electrons through the gas to induce ionization[13] [7]. In this
case an increasingly strong magnetic field would be required to maintain high efficiencies at
small sizes[14]. Alternatively, radio frequency signals could be used to induce ionization and
form a plasma[3], again this becomes challenging for small satellites in that the required RF
supply and coils may be difficult to scale. Finally, regardless of the ionization mechanism,
an external cathode is required to neutralize the positive ion beam and prevent spacecraft
charging. In summary, although a reasonably efficient and compact thruster head may be
possible, the complete system requires a number of other components which are difficult to
miniaturize and could consume a significant amount of electrical power.
These types of scaling problems are not limited to electrostatic thrusters, for example
. ..
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Figure 1-2: The porous ILIS thruster concept uses no moving parts for propellant supply,
relying on capillarity to feed ionic liquid propellant to emitter tips. Ions are evaporated
directly from the liquid with only a small percent of total power consumed in extracting
them.
cold gas or chemical rockets require similar pressurized feeding mechanisms. Cold gas
thrusters have very low specific impulses, -<70 s[3], but are attractive for small satellites
in that they are very simple, with thrust generated by releasing a gas, through a nozzle
from a tank. However; as noted in the cited reference, the valves alone require several, if
not 10's, of W of onboard power. Ultimately, selection and sizing of a propulsion system
will depend on the specific mission requirements, however; any approach aimed at scaling
down an existing design could be susceptible to constraints on both the thruster and its
required systems. In this thesis, and introduced below, an alternative approach has been
taken. Starting from an efficient, simple and small device and scaling it up.
1.4 The Porous Ionic Liquid Ion Source Thruster Solution
In this thesis preliminary examples of microfabricated ionic liquid ion source thrusters have
been fabricated and tested. These thrusters take the form of Figure 1-2 and offer methods
for overcoming many of the constraints preventing successful CubeSat propulsion which
were briefly discussed above.
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Here, room temperature ionic liquids are passively fed, through a porous medium to
the tips of small features on a porous metal substrate. These liquids, referred to hereafter
as ionic liquids, are remarkable in that they have negligible vapor pressures. The passive
feeding mechanism, is similar to a burning candle, in that as ions are evaporated, a fresh
supply of propellant is provided through capillary forces alone. This feature removes any
need for a heavy, power consuming propellant feed system.
Ionic liquids consist only of positive and negative ions, without a solvent, ready to be
extracted for propulsion. In this sense they are analogous to a plasma in a bottle. Unlike
the the grided ion engine described above, where a neutral gas is ionized on orbit, by using
ionic liquids the work and energy required to create the ion source is done in a laboratory
on the ground. This represents a valuable reduction in the energy required for achieving
electrostatic thrust in space.
Furthermore, unlike plasmas which only emit positive ions and use an additional electron
source to achieve neutralization, ionic liquids are known to support emission of both positive
and negative ions directly from the liquid. This bipolar emission capability can be exploited
to prevent spacecraft charging by always operating two thruster packages simultaneously
but at oppositive polarities (one positive, one negative). Spacecraft charging can therefore
be achieved without any power, mass or volume wasted on an external cathode neutralizer.
When pure ions are removed directly from an ionic liquid in this manner, the emission is
referred to as an Ionic Liquid Ion Source. Details on the basic properties of ionic liquids
and operating principles for emission from ILIS are reviewed in Chapter 2.
However; each emitter shown in Fig. 1-2 is expected to yield less than 0.1 pN of thrust.
This research has tailored a particular form of electrochemical etching to create arrays of
480 functional emitters on a single 1 cm x 1 cm array. These arrays have been fabricated as
part of a complete thruster packaging process which includes a reliable method for aligning
the emitters and electrostatic grids. The overall package measures only 12.2 mm x 12.2 mm
x 2 mm. has a mass of roughly 0.7 g, and could, for example, be distributed to the corners
of a CubeSat as shown on a satellite mockup in Figure 1-3. Direct thrust measurements
have not been made but estimated performance levels based on measured beam emission
supports the capability to achieve - 10's of pN of thrust at specific impulse levels from
~ 2000 to 3000 s while consuming less than 0.6 W (at peak thrust/specific impulse) with
these devices.
Figure 1-3: Mockup of a CubeSat showing 4 thruster modules in the package used for this
research and a small PPU occupying less than 10 % of the total CubeSat volume.
As with the other forms of propulsion described above, a porous ILIS thruster module
would require some ancillary components in the form of a propellant reservoir and a PPU
(power processing unit). However; the passive feeding system allows for distributed thruster
packages with independent porous propellant reservoirs, negating most benefits for a cen-
tralized propellant tank. The tanks themselves would only serve to confine the propellant
from leaking and provide a coupled path to the emission site. They could, for example, be
constructed from a relatively high porosity material (relative to the emitters) and mounted
directly behind each thruster package.
Similarly, because these thrusters operate in a bipolar configuration, a single power
supply can be used to power the active thrusters (see section 2.2.1 for a schematic of this
configuration). Recall that for a grided ion thruster. 4 or more, power systems could be
typical. For porous ILIS a simple PPU could, for example, be constructed using existing
off the shelf components. For example, a PPU concept developed by colleagues within the
MIT Space Propulsion Laboratory, based on off the shelf EMCO[15] voltage converters can
be seen in Fig. 1-3 at the base of the satellite. The entire PPU occupies less than 10 % of
the satellite internal volume and has a mass of roughly 100 g.
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The mission samples below demonstrate how this type of thruster could provide both
attitude control and orbit maneuverability on 1U CubeSat while leaving ample room for a
payload.
1.5 Examples of CubeSat Missions Enabled by Porous ILIS
Thrusters
This section presents a short example of how thrusters using the results of this thesis could
be used as both attitude control and orbit maneuvering devices for a CubeSat in low earth
orbit. In this example we assume the de-centralized propellant delivery and scalability of
these devices have been exploited such that multiple thruster packages are configured at the
corners of CubeSat, as in Fig. 1-3 but controlled by a single PPU. Each thruster could have
an independent propellant tank which we will see below would require only a small amount
of propellent. Using the PPU described above we stipulate that at least 2 (to maintain
charge neutrality) but no more than 4 thruster packages are used at any one time such that
the combined thrust and total power are held to ~ 35 pN and - 0.6 W respectively. In
this example, a conservative estimate for the specific impulse. 2000s, has been used. When
combined, these estimated performance metrics are analogous to assuming an efficiency of
roughly 57 %. For a satellite capable of supplying 1 W of onboard power, these mission
would be possible with a, reasonable, 60 % PPU efficiency[15].
1.5.1 CubeSat Spin Down and Slew Maneuvers
First, we can consider using these thrusters to apply a torque on the spacecraft, as shown
in Figure 1-4(left). In this configuration, we activate two thrusters on either side of the
CubeSat. such that the total torque is T = Fa/2, where a is, roughly, the side length of
a CubeSat, 10 cm. The change in rotational speed as a function of time is then given by
equation 1.8 assuming the CubeSat mass, mcbe to be constant.
A4=3Ft (1.8)
mcubea
Suppose, for example, the CubeSat is released into orbit rotating at 1 or 2 Hz about its
central axis. We can estimate the time required to de-spin the spacecraft with our thruster
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Figure 1-4: With porous ILIS thrusters distributed at the corners of a CubeSat. different
missions can be performed by selecting which thrusters are active at a given time.
using this equation. For a 1 kg CubeSat and the propulsion system used here, the rotation
could be stopped after - 3.3 hours starting from 2 Hz, or 1.7 hours beginning at 1 Hz.
On the scale of a typical CubeSat mission lasting several weeks (see for example[2]), this
is a relatively short period of time. Referring to equation 1.5, for a thruster operating at
constant thrust and specific impulse the mass flow rate would also be constant. The mass
expelled during a given operating time is therefore proportional to the maneuver time. For
our ILIS thruster, only 10.6 mg and 21.3 mg would be required during these 1 Hz or 2 Hz
de-spin maneuvers respectively. Hence the assumption of roughly constant mass is justified.
Once stopped, we may have interest in slewing the thruster through given angles, such
that it points at different targets on the ground, or in space. The time required to slew
the spacecraft through a given angle. AO is given by equation 1.9. Here we would use 8
thrusters in total. First, 4 thrusters firing as above could be used for half the time, at
which point we will have slewed through AO/2 and be rotating at a rate given by equation
1.8. Subsequently, two opposite pairs of thrusters could be used to reduce the rotation rate
while the thruster completes its rotation until, at the time given in equation 1.9, the net
angle reaches AO and the rotation rate is returned to zero.
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The slew time for using an ILIS thruster system has been plotted in Figure 1-5. The
mass of the CubeSat has again been taken as constant here, a valid assumption given the
propellant mass required. plotted in Figure 1-6. The plots also demonstrate the benefits
(in time) and costs (in terms of propellant mass) which would be incurred if twice as much
power were available to the propulsion system. Specifically, the plots demonstrate the time
and mass required if 2 W were available and could be applied to the thruster system, again
using a 60 % efficient PPU. such that the thrust was doubled while maintaining a constant
specific impulse.
These examples demonstrate that realistic attitude control maneuvers could be ac-
complished using ILIS thrusters within reasonable time scales. For example, with these
thrusters, a CubeSat beginning in a 2 Hz spin, spun down to a rest and then slewed
through 1800 angles 100 times would required only - 40 mg of propellant.
1.5.2 CubeSat De-Orbiting
Alternatively, all 4 thrusters on a single side of the CubeSat could be aligned and fired
simultaneously to alter the CubeSat orbit altitude. This mode is shown on the right side
of Fig. 1-4. Take for example the time required to de-orbit a CubeSat. De-orbiting, refers
to a maneuver intended to reduce the CubeSat orbit sufficiently such that it will soon
disintegrate within the earths atmosphere. This could, for example, be desirable to prevent
CubeSats from contributing to existing space debris, a hazard for other spacecraft.
For this type of maneuver, we can use the AV metric introduced earlier. Specifically.
for an approximately circular orbit. the AV required to change the altitude from a high to
low altitude using a low thrust spiral maneuver is given by equation 1.10[10]. That is, the
AV is the difference between the final and initial orbital velocities, each given by equation
1.2. For a spiral climb, the same equation is valid but we interchange the orbital velocity
subscripts.
AV = Vfinal - Vinitial (1.10)
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Figure 1-7: Time required to de-orbit a CubeSat either naturally or using a porous ILIS
thruster.
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Figure 1-8: Mass required to de-orbit a CubeSat using a porous ILIS thruster with a 2000s
specific impulse.
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The propellant mass is then given, for our fixed specific impulse device, by equation 1.6.
The time required to execute the maneuver can be estimated with equation 1.11, where the
simplification is valid for small AV to specific impulse ratios.
t = mcubeglsp [ - ZW 1 mcubeAV
F VF
The de-orbit time due to atmospheric drag alone can be estimated using tabulated
data in the literature[5]. Above ~ 500 km, this natural de-orbit time would tend towards
many years. However, at say 300 kn, where above we calculated drag forces beginning to
approach the roughly 35 IN available from these thrusters, the natural de-orbit time would
be only 10 days. Given this we can estimate the time required to de-orbit the spacecraft
assuming a spiral orbit transfer from a given altitude to a 300 km orbit before allowing the
atmosphere to take over. The time required to de-orbit our CubeSat in this manner, using
the 1 W porous ILIS thruster system, has been plotted in Figure 1-7 using equation 1.11,
again a 2 W curve has also been plotted.
The propellant mass required to de-orbit has been plotted in Figure 1-8 for the same
range of initial altitudes. We see that using this propulsion system, de-orbiting times of a
few weeks or months can be achieved while requiring relatively little amounts of propellant.
For example, a CubeSat initially at an altitude of 800 km could be removed from orbit in
roughly 100 days consuming only ~ 14 g of propellant using these thrusters with 1 W of
onboard power.
1.6 Thesis Contributions
The preceding introduction has been intended to demonstrate how the work performed in
this thesis may one day be applied to useful devices. Using a CubeSat as an example,
we see that these thrusters could be an enabling technology for this type of satellite by
providing a means for both attitude control and orbital maneuvers within a small package.
Although only simple maneuvers have been described, the distributed propulsion system
could provide mission designers and engineers with exciting new capabilities on such a small
platform.
Realizing these thrusters, however, is not a trivial task. This thesis is largely dedicated to
identifying and developing a reliable technique for fabricating functional porous ILIS arrays
in a manner suitable for packaging within a complete thruster module. The key contribu-
tions this work has made to the field of microfabrication, particularly applied to spacecraft
propulsion, are summarized here. These results, and those of previous researchers, have
been applied to make contributions to the development of electrospray sources made from
porous emitters. Those contributions are summarized below.
Contributions to Microfabrication
" Smooth Electrochemical Etching on Bulk Porous Media : This research has
demonstrated that under mass transport control an electrochemical etching tool can
smoothly etch bulk porous materials with little, or no, damage to the internal pore
structure.
" Microfabrication on Porous Media using Electrochemical Etching : A pro-
cess for fabricating structures, from bulk porous materials masked with dry film resists
has been demonstrated. This process uses pulsed voltage electrochemical etching and
enforced cathodic agitation to achieve both a reasonably high degree of uniformity
across an entire sample and good batch yields. The demonstrations performed here,
using porous nickel, have produced similar features across a 1 x 1 cm sample including
up to within a few hundred pm of the sample edge.
" Etching Simulations : An axi-symmetric moving boundary model was developed
and shown to be applicable to porous media. Results of these simulations were applied
to formulate a two step etch process which accounts for small non-uniformities, such
that useful emitters can be created without an accurately defined etch stop.
* Secondary Etching Using Doped Electrolytes on Porous Media : We have
shown that transient effects. which would otherwise etch the internal pore structure
of a substrate, can be suppressed using electrolytes doped with salts containing the
etch products. Using this technique, short etches to remove only a few ptm have been
performed on porous nickel to transform flat topped structures into emitters suitable
for use as ILIS.
" Fabrication of Complete Porous ILIS Thrusters : Two dimensional arrays
of porous emitters have been aligned to and fabricated within a silicon mount. An
electrostatic grid was then aligned with the mount and bonded to create complete
thruster packages where the grids and emitters are aligned within a few 10's of pm.
Contributions to Electrospray Sources :
* Pure Ion Emission from a Porous Planar Emitter : For the first time, a porous
emitter fabricated on a planar substrate was shown to yield purely ionic emission with
current levels on par with previous geometries and at operating potentials useful for
spacecraft propulsion.
" High Current Emission from an Array of Porous Emitters : Arrays of 480
porous nickel emitters have been used to obtain emission currents up to roughly 0.5
pA per emitter. No evidence of a limiting mechanism preventing high current levels
was observed and high, - 1 pA/V, current voltage slopes were typical for the range
of potentials tested here.
" High Beam Transmission : We have demonstrated that arrays with hundreds of
porous nickel emitters can yield nearly complete transmission of the emitted beams
when aligned with a corresponding microfabricated extractor grid and fabricated using
a two step etch mechanism to tailor the emitter tips.
" Porous Feeding for Arrays of Emitters : Electrospray emission has been achieved
after applying ionic liquid to the rear of a 1 mm thick porous substrate containing
emitters. Propellant delivery to the emission sites has been driven by internal capillary
forces alone. This technique removes any requirement for an active propellant feed
system.
" Multiple Emission Sites on Porous ILIS : We have demonstrated that porous
emitters can support emission from multiple locations on a single tip. Using simple
ablation tests, we showed that emitters with relatively large tip radii and flat topped
plateaus are more likely support emission from multiple points compared with rela-
tively sharp emitters. Simultaneous operation of these sites has not been confirmed.
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Chapter 2
Porous Ionic Liquid Ion Sources
A Form of Electrospray
This review begins with an overview of electrospray sources focused on identifying the
niche for purely ionic electrospray emission from non metals as ion sources for spacecraft
propulsion. Subsequently, in the next section, previous and ongoing electrospray thruster
array efforts will be reviewed and compared with the research proposed here.
2.1 Electrospray Principles
The term electrospray generally applies to any form of charged particle emission induced by
applying an electrostatic field to a conducting liquid. The phenomenon has been observed
since the early 1900's. For example Zeleny[16, 17] observed and photographed cone-jet
formations of ethyl alcohol and glycerol from a pressure fed capillary tube when several
thousands volts were applied between the tube and a counter electrode. Some important
contributions leading to the particular focus of this research, sources of pure ion beams
using ionic liquids, are discussed in what follows.
2.1.1 Taylor Cones
In 1964 G.I. Taylor[18] demonstrated mathematically that the static conical meniscus ob-
served when a strong electric field is present on a liquid surface can be explained by enforcing
equipotentiality on the meniscus along with a balance between the liquid surface tension
and applied electric traction. This assumes that the liquid internal pressure, Pc is negligible,
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Figure 2-1: Schematic of a Taylor cone formed formed at the tip of an emitter. At the cone
apex. strong fields can induce charged species emission.
as in the right side of equation 2.1. Here E, is the normal component of the electric field, -Y
is the liquid surface tension and R is the radius of curvature at each point on the meniscus.
IcoE 2 =- 27 - Pc ~;: 2-1 (2.1)
2 n R R
Enforcing equation 2.1 along with equipotentiality, leads to a conical solution with a
half angle of 49.3', shown schematically in Figure 2-1. By removing the approximation
of negligible internal pressure, de la Mora[19] demonstrated analytically that, far from the
apex, the internal pressure can lead to a, stable, curved profile. Regardless of the corrections
due to pressure, these shapes are commonly referred to as Taylor cones.
The field required to form a Taylor cone has been considered by several authors[20, 8, 19].
To within an order of magnitude these analyses all dermionstrate that the instability will be
induced when the electric traction due to an applied field exceeds forces due to surface
tension for a spherical meniscus with radius of curvature equal to the capillary, or outlet,
diameter. See Khayms[21] and Lozano[22] for comparison of these analyses. In the cited
derivations it is typical to approximate the electric field as a function of applied voltage
given a simplified geometrical representation where the emitter tip is the dominant length
scale. This leads to the notion of a startup potential. For example, equation 2.2 assumes a
capillary of radius R is positioned a distance d from an electrode with potential V[8]. The
...........
applicability of this equation to porous emitters is discussed at the end of this chapter.
Vstart = In (d) (2.2)
2.1.2 Charged Particle Emission
At the apex of a Taylor cone, where the electric field would approach a singularity as R~ 0
in equation 2.1, the static balance between electric traction and surface tension must break
down. The emitted species can be charged droplets, composed of a variable mass of liquid.,
pure ions, or a mixture of both. The physical structure supporting an emitting Taylor cone
is referred to here as 'the emitter' and can take many forms (such as a capillary or a porous
tip).
Droplet emission, also referred to as colloidal electrospray, is typically induced with a
capillary where a fixed flow rate is enforced by an applied pressure upstream. Under these
conditions the Taylor cone shape transforms to a jet of droplets at a critical radius which
can be approximated by the radial distance at which charge convection by the fluid motion
begins to dominate over electrical conduction within the fluid, as detailed by de la Mora[23]
(see [22, 21, 8] for similar discussions). Dissolved salts, for example NaCl in formamide[22],
are typically used in this application. When these sources are operated at low flow rates
and high conductivity liquids are used, the strong fields near the cone to jet transition
point, and on the drops themselves, can induce ion emission in addition to droplets. In the
1960's Perel observed this phenomenon using sulfuric acid[24], however little development
was reported until the theoretical and experimental works of Loscertales, for emission from
droplets[25], and Gamero-Gastano, for emission from the liquid meniscus[26]. Those studies
showed that ion emission was due to field evaporation in a manner previously described by
Iribarne and Thomson[27].
Purely ionic emission has been observed using liquid metals, such as cesium[24, 28],
gallium[29] or indium[30], since the 1960's (eg. Perel[24], Swatik[29]). These sources are
referred to as Liquid Metal Ion Sources (LMIS). They are typically achieved using a pas-
sive feeding system where capillarity alone brings new liquid to the emission site as ions
evaporate[31]. The high surface tensions of some liquid metals can require high voltages
to form a Taylor cone, equation 2.2. Meanwhile, the extremely high conductivities lead to
ion evaporation without forming a cone jet or droplets at the cone apex where strong (-
15 V/nm) fields result[32]. These sources typically require potentials of at least 3.5 kV
to start, have -10 kV operating potentials, and produce strong currents up to several 100
pA[31, 33]. When applied to propulsion these sources are often referred to as Field Emission
Electric Propulsion (FEEP). The sources can only emit positive ions, requiring an external
cathode neutralizer when used in propulsion.
Using non-metals, purely ionic emission remained elusive until 2003 when Romero-Sanz
et. al[34] identified the ionic liquid 1-ethyl-3 methyl imidazolium tetrafluroborate (EMI-
BF 4) as a candidate liquid for purely ionic emission. Ionic liquids are molten salts which
are liquid at room temperature, they typically have negligible vapor pressures, relatively
high conductivities and surface tensions lower than water. See Welton[35] for a concise
summary of room temperature ionic liquid general properties and synthesis. Romero-Sanz
used pressure fed capillary tubes and noted that purely ionic emission occurred only at low
flow rates. a phenomenon confirmed by Lozano[22]. Subsequently. Lozano[36, 37] demon-
strated that the negligible vapor pressures of ionic liquids could be exploited and applied
to a simple passive feeding system. Here, an ionic liquid drop is applied to the exterior
of a roughened tungsten needle such that sufficiently low flows can be induced passively
by a balance between capillary forces and the meniscus pressure as ions evaporate from
the tip of the needle. These sources, using passive feeding and ionic liquids to produce
pure ion beams, are referred to as Ionic Liquid Ion Sources (ILIS). Numerous studies have
followed using ILIS with a variety of ionic liquids. Table 2.1 lists properties for all ionic
liquids known to the author to have been successfully applied as ILIS (see the indicated
references) with independent references for the measured material properties. Since these
sources emit ions through field emission, applied to propulsion they are strictly speaking a
form of FEEP, however that term is traditionally reserved for LMIS. Typically these sources
can emit from 10's of nA up to a pA (see references listed in table 2.1). The maximum
current has been stipulated to be due to liquid starvation as the flow rate increases[36, 38].
The specific current voltage relationship will depend on the liquid conductivity, surface
tension and volatility along with the hydraulics and electrostatics governed by the emitter
geometry.
Table 2.1: Ionic liquids used in ILIS
Liquid K (S/m) p (g/cm3 ) - (dyn/cm) M+ (amu) M- (amu) ILIS Properties
EMI-GaCl4  2.2 1.53 48.6 111.2 211.5 [39] [40] [41]
EMI-N(CN) 2  2.7 1.08 42.6 111.2 66.0 [39] [41, 42]
EMI-C(CN) 3  1.8 1.11 47.9 111.2 90.1 [39, 38] [41, 42]
EMI-Im 0.88 1.52 35.8 111.2 280.2 [38, 43] [40]
EMI-BF 4  1.36 1.24 45.2 111.2 86.8 [38, 36] [40]
EMI-Beti 0.34 1.6 28.7 111.2 380.2 [44] [40]
EMI-F(HF) 2 .3  10 1.14 - 111.2 65a [45] [46]
BMI-FeBr 4  0.55 1.98 47.8 139.2 375.5 [39] [47, 40]
BMI-I 0.069 1.44 54.7 139.2 126.9 [48] [48, 42]
C6 MI-FeBr 4  0.28 1.86 42.0 165.2 375.5 [39] [47, 40]
C 6 MI-FeCl 4  0.47 1.33 39.4 165.2 197.7 [39] [47, 40]
PMI-(C 2F5 )3 PF 3  0.166 1.59 30.3 153.2 445.0 [44] [40]
aAverage for F(HF)k, with k=2.3.
2.2 Applications of Electrospray Sources
Electrosprays can be applied to a variety of practical problems. Fenn famously applied the
colloidal mode as a form of spectroscopy for heavy biological molecules by evaporating the
solvent component of emitted droplets such that only ions remain[49]. In 2002, Fenn earned
a Nobel in Chemistry prize for that work. Other applications of the colloidal mode include
printing, electrospinning of fibers, combustion and many more (see Gassend[50] for a list
of applications). The purely ionic regime can also be applied to spectroscopy by extracting
ions dissolved in a liquid directly from the meniscus and detecting them downstream. Early
efforts in this respect have been limited to solutes suitable for liquid metals[31] however,
as ionic liquids can be employed as solvents[35, 51, 52], ILIS could have applications in
spectroscopy of non-metals.
ILIS as focused ion beams[53], where emitted ions are focused to produce a highly local-
ized beam aimed at a material of interest can be applied, for example, to microfabrication [54].
Here physical ablation, possibly enhanced by a chemical reaction, can selectively etch a
masked material.
2.2.1 Electrosprays for Spacecraft Propulsion
The ability to extract and accelerate a liquid propellant to a high velocity by electrospray,
often using a device at room temperature, has been exploited since the 1960's for spacecraft
propulsion(a review of those efforts appears later). In chapter 1. two performance metrics
commonly used when discussing propulsion systems were introduced, the specific impulse
and the thrust power efficiency, equations 1.5 and 1.4 respectively.
Recall that the specific impulse, Ip (s), is a measure of propellant economy for propulsion
systems relating the ratio of thrust, F, to net propellant mass flow, m'et. Ideally, for a
thruster where all propellant mass flow is used for propulsion, the thrust is proportional
to the propellant mass flow, F - rye (eqn. 1.3). where e is the beam velocity. Hence the
specific impulse is analogous to a measure of the beam velocity. In the introduction we
noted that the specific impulse can range from a few tens or hundreds seconds for chemical
rockets up to many thousands of seconds for electric propulsion systems[10, 8].
For an electrospray thruster emitting discrete species, equation 2.3 approximates the
beam velocity c2 when the charge to mass ratio is qi/mi and the particle is accelerated
through the complete extracting potential V,. The average velocity i5 is then given by
averaging, over charge to mass ratio, the velocity for each species i. For a fixed potential
and current, species with high charge to mass ratios, like ions, will have high beam velocities,
and therefore specific impulse.
ci =- 2qiVe (2.3)
VMi
Colloidal thrusters, spraying droplets. typically operate at specific impulse levels at or
below 1000 s[55, 56] depending on the accelerating electric potential and emitted species.
However; ILIS can achieve a much larger specific impulse for the same applied potential
due to the much larger charge to mass ratio of pure ions compared with droplets.
Recall that the efficiency of a spacecraft propulsion system, equation 1.4, measures the
ability to convert input electrical power, the product of the net current I and the voltage
V. into useful thrust power. As shown in a detailed review of the postulated efficiency for
a thruster using ILIS by Lozano[57], equation 1.4 can be broken down into the product of
several efficiencies. The energy efficiency is the ratio of the average beam energy to the
maximum obtainable energy at a given accelerating potential. Measurements of the en-
ergy distribution from ILIS have found highly monoenergetic beams, typically with energy
deficits and spreads less than a few percent[57. 43, 48. 44]. Since ionic liquids have negligi-
ble vapor pressures, ion evaporation is the only form of mass flow from ILIS. Therefore the
ionization efficiency which measures the fraction of emitted flow which is ionized is close
to one. However; there remains one source for neutrals from ILIS, downstream fragmenta-
tion of solvated ions after emission. Fedkiw studied this phenomenon for the ionic liquid
BMI-I[58], postulating its effects on the polydispersive efficiency. The polydispersive effi-
ciency quantifies the inefficiencies inherent in accelerating species of varying charge to mass
ratios[21, 22, 8, 58]. See the cited references for derivations of this quantity. Low polydisper-
sive efficiencies are common with droplet or mixed ion/droplet colloidal thrusters[22, 21];
however in ILIS Fedkiw experimentally mnotivated that polydispersive efficiencies greater
than 85 %[58] could be expected, depending on the degree of beam fragmentation. The
transmission efficiency. which quantifies the current intercepted by an electrostatic grid will
depend on the degree to which ion optics have been considered in a particular design. Dur-
ing an early phase of this research an array of 20-80 porous emitters demonstrated negligible
grid interception, or close to 100% transmission efficiency, using microfabricated silicon ex-
traction grids. A summary of this work has been included in Appendix A. Finally, the
angular spreading of ILIS was measured by Lozano[36], where the beam was found to be
contained within a roughly a 20' half angle. When combined, total power efficiencies close
to 80% appear to be within reach using ILIS.
As with with ILIS, LMIS with high specific impulses and efficiencies can also be devel-
oped. However ILIS have several practical advantages over LMIS. ILIS can be operated at
spacecraft bus temperatures and do not require a dedicated heater to melt the propellant.
LMIS must often be heated to remain in the liquid state, the required dedicated heater adds
mass and additional power draw, reducing the overall thruster power efficiency[59, 60]. ILIS
can emit both positive and negative ions, negating the need for an external cathode neutral-
izer which would be required in LMIS. Metal contamination on spacecraft surfaces can lead
to serious damage[59, 60]. Even if droplet emission and beam impingement could be avoided
with an LMIS thruster design, heated liquid metals can evaporate from the surface of the
Taylor cone[60]. The higher potentials required for LMIS would lead to larger, and more
massive, insulation and power supplies over ILIS, which could be difficult to miniaturize[59].
One concern which must be addressed when operating ILlS for spacecraft propulsion,
where long term (1000's of hours) operation can be expected, is the possibility for elec-
trochemical breakdowns between the ionic liquid and emitter substrate material. Lozano
and Martinez-Sinchez identified this issue early in the development of ILIS[37] and moti-
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Figure 2-2: Simultaneous bi-polar emission from two ILIS such that no net current is
emitted. Polarity alternation can also be used to suppress electrochemical reactions.
vated, experimentally and theoretically, that by alternating the emitter polarity at roughly
1 Hz, stable emission could be sustained without exceeding the electrochemical window of
the substrate (tungsten) and ionic liquid (EMI-BF 4) system. Here, capacitive charging of
the electrochemical double layer is presumed to be interrupted, and the polarity reversed,
prior to significant electron transfer across the interface. However; more recent results of
Castro[38] suggest that this solution could be restricted to ionic liquids, such as EMI-BF 4
which operate with nearly identical beam currents in both positive and negative modes.
Any Faradic current will be detrimental to ILIS operating as thrusters regardless of if the
dominant effects are propellant loss by contamination with reaction products (as observed
by Lozano[37]) or alternations in performance due to changes to the interface structure. A
more targeted approach to understanding this issue can be achieved using a potential probe
to measure the transient potential between the ionic liquid and metal while the emission oc-
curs. A preliminary approach at using this technique has been applied during this research
comparing the response for tungsten and nickel substrates[61]. The ability to emit both
positive and negative ions allows for this electrochemical requirement to be met using a
configuration as in Figure 2-2, where the applied potential can be varied periodically. This
configuration also prevents spacecraft charging by implicitly operating with a net neutral
beam.
The netrics above paint ILIS as thrusters in a excellent light, however; both the specific
impulse and efficiency are relative measures. The most important thing a spacecraft thruster
must do is provide thrust. Typical ILIS can emit no more than 1 PA at potentials around 2
kV, the resultant thrust would be very small - 0.1 iN. Direct thrust measurements have
also been made for both colloidal and LMIS thrusters yielding somewhat larger thrusts, for
example up to ~ 50pN and 35pN per emitter have been measured for colloidal[56] and
LMIS thrusters[62] respectively. Although these levels of thrust may be suitable for highly
specialized scientific missions. for example an upcoming ESA mission[63, 55. 30]. obtaining
significantly larger thrusts from ILIS requires a closer look at the practical aspects inherent
in the devices.
2.2.2 Motivation for Arrays and Porous Feeding
One option for increasing the thrust from ILlS would be to simply increase the voltage
using a single emitter, an attractive option promising both increased thrust and specific
impulse. For example Cohen[64] suggested a colloidal thruster with an ambitious 100 kV
of total accelerating potential. However; this technique would inevitably lead to electrical
insulation problems, power limitations or both.
Instead, research has been largely focused on creating arrays of emitters simultaneously
firing in a uniform manner. From an array implementation standpoint. ILIS offer a number
of advantages compared with both colloid and LMIS thrusters. Ionic liquids, with zero
vapor pressure, can be stored as liquids without any heavy pressure tanks and fed passively
to an emission site while exposed to the vacuum of space the entire time. The benefits of this
configuration were discussed in the context of a CubeSat in Chapter 1. Liquid containment
is then restricted to a matter of electrical isolation[50].
When multiplexed in arrays, the net thrust is expected to scale with the number of
active emitters baring any space charge or hydraulic interactions. The effects of space
charge on emission from non metals have been considered at an order of magnitude level
by Higuera[65]and more rigorously by Lozano[22]. While Higuera found that space charge
effects should be negligible for emission from a single Taylor cone, Lozano identified that
space charge interactions can be expected for arrays when Taylor cone spacings are small
(<~10pm). However, spacings of that magnitude are not required for useful arrays of
ILIS as thrusters. With thrusts on the order of 0.1 pN per emitter, an array of emitters
modestly spaced 350 pm apart would produce roughly 1 N/m 2 of thrust density, already
comparable to existing grided ion thrusters[11]. In terms of actual thrust, a pair of 1 cm 2
thruster models (two are required to maintain neutrality) could then produce roughly 200
jiN of total thrust. As discussed in the introduction, for a small CubeSat or nano-satellite,
this amount of thrust far exceeds drag in typical LEO orbits allowing for useful propulsive
manoevers[66].
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Figure 2-3: A complete thruster system will employ two emitter array modules, firing at
opposite polarities. Each module could have an independent passive propellant supply.
Traditional, externally wetted, ILIS can be difficult to operate uniformly and continu-
ously when applied to high density arrays[50, 67]. Another option would be to use porous
materials to supply liquid to the emission site. The concept is analogous to a candle where,
as wax is burnt away at the flame, a fresh supply is provided by the wick at a rate dictated
by capillary forces alone. If a propellant is applied to a porous electrospray substrate, it
will eventually saturate the material[68]. Legge first demonstrated that porous emitters
could support purely ionic emission when saturated with ionic liquids[69]. Here sufficiently
low propellant feed rates were achieved passively by the balance between internal capillary
pressures and the meniscus pressure sustained by an applied electric field. These sources
are hereafter referred to as porous ILIS.
Using bulk porous substrates, a thruster system using porous ILIS would resemble the
configuration shown schematically in Figure 2-3. In this thesis, we develop and implement
a technique for fabricating arrays emitters for porous ILIS in a scalable and repeatable
manner such that they can be operated as in the figure.
2.2.3 Previous Porous Ionic Liquid Ion Sources
The works of Legge[70, 72, 69], and more recent results by this author (included in Chapter
7 and reported in[73, 71]), have demonstrated that 30 % porosity bulk porous tungsten
emitters are characterized by wide ranges of stable ion currents compared with externally
wetted ILIS. Specifically, currents from 100's of nA up to 10 pA per tip have been observed
from porous emitters, with tip radii measuring roughly 10-30 pim, beginning at startup
potentials around 1.5 kV. This can be compared with a limit of ~ 1 [A from externally
. ......... . . .. ........ ............ ..... 
Figure 2-4: Examples of flat emitters, similar to those of Legge[70], fabricated as part of
this research[71].
wetted emitters (see for example[38]). This distinction has primarily been attributed to
a reduced total flow impedance in porous emitters[38, 70]. De-stabilization of externally
wetted ILIS, presumably due to liquid starvation where the pressure drop due to flow
impedance becomes comparable to available electric traction, has not been observed with
porous emitters. Instead the maximum beam current has been limited by the device design
(eg. electrical insulation) or available equipment. Prior to this research. successfully fired
porous ILIS arrays have been fabricated from porous tungsten using a flat arrangement.
as in Figure 2-4, originally developed by Legge[69, 72, 70] and tested further during this
research[71]. Using a flat porous array, Legge directly measured thrust levels up to 0.1 IN
per emitter[70]. In that research ILIS were achieved using EMI-BF 4, EMI-Im, EMI-Beti
and PMI-(C 2F5)3PF 3 wetting porous tungsten, with only the purely ionic regime observed
using time of flight spectroscopy during all cases.
Section 2.4 introduces the operating principles of the planar porous ionic liquid ion
sources developed in this research.
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2.3 Electrospray Thrusters Past and Present
Using electrospray sources for propulsion has been seriously considered since, at least, the
1960's. Presented here are some key results from preliminary arrays followed by an overview
of the more recent or ongoing research in the field.
2.3.1 Early Emitter Arrays
The use of colloid emitters for electric propulsion saw a period of development and interest
from -1960 to -1975, with little development occurring thereafter until the mid to late
1990's (see below). Clark[74] provides an overview of the state of the art technologies
emerging towards the end of this initial phase of electrospray propulsion. The thrusters of
this time typically employed high extraction potentials (5-15 kV) to achieve 100's of MA
and up to 4400 pN of total thrust[74, 75].
Examples of the technology include Cohen and Huberman[64] who investigated using
10's of capillary tubes in the early to mid 1960's, with 100's of MN thrust levels achieved
at modest specific impulse values (<800 s) at extraction potentials <7 kV. In order to
increase the specific impulse those researchers made a series of trials with an extremely
ambitious post extraction acceleration potential set to 100,000 V. That research identified
time of flight spectrometry as a useful tool in estimating thrust by providing a break down
of specific charges within the beam.
Perel et. al experimented with both 10's of pressure fed capillary needles[24] and annu-
lar colloid thrusters[76] where a continuous thin annular meniscus was investigated as an
alternative means of increasing thrust density but avoiding alignment of numerous capillary
tubes. That group also performed experiments with simultaneous emission of both positive
and negative emitters (using different propellants) to achieve beam neutralization[24]. The
annular thruster of Bailey et. al[77], was similar in design (but slightly larger) than that
of the Perel group but was novel in that propellant was semi-passively fed. In order to
measure thrusts directly without propellant lines (which may have interfered with the mea-
surement), that group dropped propellant from an externally controlled overhead dispenser
into an intermediate reservoir from which propellant was fed by capillarity and gravity to
the downward orientated emission site (an annulus).
2.3.2 Recent and Ongoing Efforts for Microfabricated Electrospray Thrusters
Colloid (droplet)and Mixed Regime (ion/droplet) Thruster Arrays
Recently, Busek Co. of Natick, MA has completed development of a flight qualified colloid
thruster designed for the Space Technology (ST7) mission, part of the ESA LISA (Laser
Interferometer Space Antenna) Pathfinder spacecraft[55. 78. 63. 60]. This thruster was
designed primarily to achieve and demonstrate high resolution thrusts and low thrust noise
levels, rather than attributes such as power efficiency or specific impulse. Thrust levels
from 5 to 30 pN with 0.1 pN resolution and 0.1 pN/Hz noise levels were required[55].
The final thruster modules employ 9 capillary type emitters actively fed from a precise
feeding mechanism using upstream pressure to drive the flow rate. Positive emission of
droplets is neutralized by an external, field emission, cathode neutralizer[55]. The thruster
was characterized directly, using the method described by Gamero-Gastano for a 6 emitter
iteration of the thruster, using a torsional balance[78].
Krpoun and Shea[79] have developed fully integrated bipolar thrusters using arrays
of silicon capillaries filled with ceramic micro-beads designed to emit in both the mixed
droplet/ion and purely ionic regimes using ionic liquid propellants. This design uses a pres-
surized feed system to drive a prescribed flow of ionic liquid, with the micro-beads serving
to increase hydraulic resistance and obtain the low flow rates required for ion emission. This
example demonstrates an alternative application of porous structures than that proposed
here in that the flow rate is actively controlled, not relying on capillary action to govern
the flow. The beads cease below the tip of the capillary which is presumed to support a
single Taylor cone. Recently, Lenguito[80], characterized emission from a similar design.
Here, a 7 emitter array fabricated using the procedure of Gomez and Deng[81] was tested.
These arrays have employed various solutions of ionic liquids dissolved in ethylene glycol,
and formamide. Those experiments confirmed that at low flow rates. purely ionic emission
could be achieved; however operation in this regime was dismissed as higher thrusts were
desired from the low density array[80].
Purely Ionic Thruster Arrays from Non-Metal Propellants
Velasquez[82, 67, 83] created planar arrays of externally wetted emitters using silicon. The
emitters, up to 1024 spread over a 0.64 cm2 area, were fabricated by plasma etching on
silicon. In this design, propellant was pooled amongst protruding tall emitters with feeding
achieved by external wetting. Ablative emission tests (with no extractor grid) were per-
formed and confirmed emission could be achieved. Emission levels on par with individual
externally wetted emitters were observed (100's of nA). Based on the performance of that
design, Velasquez[83] suggested developing a porous planar emitter array similar to that de-
veloped here. However; as with the 'porous' colloidal thrusters above, Velasquez suggested
a pressure fed design, rather than a passive, capillary driven system.
More recently Gassend[50, 84] developed planer emitter arrays similar to those of Ve-
lasquez but incorporating aligned electrostatic grids. The array supported purely ionic
emission from over 500 emitters with up to 1 pA of emission per emitter[84]. This design
was prone to inconsistencies in the emitted current over time which were attributed to the
non uniform wetting characteristics to be expected from an externally wetted configura-
tion. Again, the thruster propellant supply was limited to a drop/pool spread over the
array surface. That author suggested passive feeding with porous materials as a solution
for achieving constant and stable operation(50].
Using porous emitters, Legge demonstrated a flat (as in Fig. 2-4) 49 emitter array
with measurable thrust levels on the order of 0.1puN per emitter while operating in the
purely ionic regime at specific impulses around 3000 s[70, 72]. More recently, as part of
this research. a demonstration thruster using 80 flat porous emitters spread over 8 arrays
with 10 emitters per array has been tested, see appendix A. This low density array had an
effective packing density of ~ 0.7 tips per mm 2 . The laboratory thruster was specifically
developed to confirm that two microfabricated silicon grids could simultaneously control
both ion current and beam energy by a downstream variation in beam potential.
While successful in principle, these Legge type emitter arrays are subject to numerous
inaccuracies and practical challenges inhercut in assembling numerous sheets of flat emit-
ters while maintaining complete accuracy in position, with respect to the extraction grids,
across the entire thruster. Furthermore. maintaining coupled. uniform flow to the emitters
requires a unified propellant supply, the most natural being a porous support for the arrays
themselves. Both of these practical accounts contributed to desire in this research to use
planar arrays, like those developed by Gassend and Velasquez but fabricated from a bulk
porous material capable of supplying constant, and spatially uniform flow from a rear fuel
supply to an array of emitters with high positional accuracy.
Liquid Metal Ion Source Thrusters
Recently two LMIS thruster designs have seen significant development in bids to provide
propulsion for the ESA LISA mission[63]. Tajmar et. al[85, 62, 30] have been developing
FEEP thrusters using liquid indium propellants. Meanwhile, Biagioni et. al.[86] have
developed liquid cesium thrusters at Alta, Italy.
The most recent iteration of the Tajmar group design[30] is particularly relevant to this
research in that they have developed a method for fabricating rings of porous tungsten
emitters using a sintering process. This design exploits the low (but not negligible) vapor
pressure of liquid indium[60]. A 28 emitter thruster has been fired achieving thrusts from ~ 1
to ~ 450 [pN, or ~ 16 pN per emitter at currents up to 100 pA per emitter. High potentials,
between 5 and 16 kV were reportedly required to sustain the emission. That thruster was
successfully fired for 500 hours. during which time adjustments to the voltage were able
to sustain steady emission, excellent thrust resolution and low thrust noise throughout the
test.
The Alta, cesium thruster has been reported to achieve between 0.1 and 200 pN, with
a specific impulse up to 8000 s[86]. The thruster employs a "surface tension" propellant
tank which may be similar to the passive, capillary fed, systems desired in this research.
These thrusters have been fired for continuously for over 1000 horus without significant
performance degradation.
2.4 Planar Porous Ionic Liquid Ion Source Operation
In this research, planar emitter arrays, similar to the silicon arrays of Gassend[50] and
Velasquez[83] have been fabricated from porous metals. As motivated above a successful
result would yield both the promising emission characteristics observed by Legge from
flat porous tungsten and allow for a compact device using planar arrays which support
continuous propellant flow.
These porous ILIS are intended to be operated beginning with saturated porous media
while a reservoir of additional propellant, if necessary, is placed far from the emitters and
coupled through the porous medium. Without an active feeding mechanism, the applied
electric traction must serve two purposes. First it must overcome the meniscus surface
tension and internal liquid pressure to form a Taylor cone, as in equation 2.1, and second,
sustain a pressure difference between the meniscus and the porous bulk such that AP =
ZQ. Where AP is the sustained pressure difference, Z the hydraulic impedance of the
arrangement and Q the flow rate driven by ion evaporation. The static pressure, which
influences the first requirement, can typically be written as in equation 2.4 where r, is a
length scale for the flow channels within a porous structure and a depends on both the
wetting characteristics (contact angle) and pore structure.
Pc ~ -a-y/r, (2.4)
Numerous approximations for the the term a can be found in the literature (for example
Mason[87] or Lago[88]). For liquids which wet materials with small contact angles (<- 450)
those estimates typically predict a - 0(1) with little dependence on contact angle.
2.4.1 Taylor Cone Formation on Porous Emitters
Although it has previously been assumed that porous ILIS support a single Taylor cone on
each emitter[70]. this has not been confirmed through direct measurements. Conversely.,
physical evidence gathered during this research (see sections 7.6 and 7.6.3), suggests that
multiple Taylor cones, or at least emission sites, could be sustained on each emitter. Consid-
ering equations 2.1 and 2.4, if a is order unity and r, is much smaller than the emitter length
scale (the tip radius), Pc will no longer be negligible throughout the meniscus. Rather, when
the meniscus radius grows beyond the scale ry, the term due to the meniscus curvature,
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Figure 2-5: A possible schematic showing Taylor cones/emission sites localized to the the
pores at the apex of a porous emitter. The force balance at the surface of the meniscus may
have a significant contribution from the internal pressure. The description of the meniscus
surface, for a example the contact/anchor point on the solid particles, is not completely
understood.
-y/R no longer dominates. This suggests that at a length scale on the order of r, the menis-
cus would deviate from that expected for an idealized, 49.30 Taylor cone. Taylor cones
with considerable, negative, internal pressures have been considered in more detail by de
la Mora[19] who showed the solution to be convex, becoming perpendicular to the far field
as the internal pressure begins to dominate. Thus a single Taylor spanning multiples of
rp may be unlikely. Instead multiple cones could form wherever the local field is sufficient
to destabilize the meniscus and form a Taylor cone. This scenario has been illustrated in
Figure 2-5. The exact size and distribution of these sites could depend on the combined
effects of, for example, fluid hydraulics, space charge and electrostatics. Multiple emission
sites may help explain why theoretical estimates for the emission current from the meniscus
of ILIS made by Higuera[65] (10's of nA) are far less than those observed. If many sites
could be supported on each emitter, the measured net current would increase accordingly.
In section 2.1, the minimum potential for forming a Taylor cone was given by equation
2.2. This relation can be modified for a porous emitter. Equation 2.2 can be derived by con-
sidering a meniscus just prior to forming a Taylor cone to be spherical with a characteristic
radius Ro. The instability then takes the form of equation 2.5 and states that the applied
electrostatic stress must exceed that due to surface tension. Here EO is the applied field, and
Ro is a length scale for the meniscus size. A similar expression can be derived by considering
the electric field required to induce a dynamic instability on a stressed unsupported liquid
surface, see for example Khayms[21] for details.
Eo > E7 (2.5)
Martinez-Sanchez [8] has shown that for an emitter of tip radius Rc, the electric field at
an emitter tip, Eo. can be modeled as an infinite paraboloid using equation 2.6. Here the
emitter is approximated by an infinite paraboloid with radius of curvature Rc. Hence it
does not account for the tip height and depends only on the applied potential V, tip radius
RC, and, weakly, on the tip to extractor spacing L. The estimate is simplified further in
that it does not account for modifications to the field due to an extractor aperture located
directly above each emitter.
Eo =2V/R (2.6)
If, as is the case for a capillary type emitter, the tip radius and meniscus length scale are
roughly equal, R = Rc = Ro, combining equations 2.6 and 2.5 recovers the starting potential
condition of equation 2.2. However; if the emission is localized to the pores, the length scale
for the meniscus goes like Ro = rp, the pore length scale, while the electrostatic field remains
scaled by Rc. Again combining equations 2.6 and 2.5, equation 2.7 now results. We see
that the starting potential is similar to equation 2.2 but modified by a factor of VRc/rp.
Vstart = F RC R: 1 (4In (2.7)460 ry\Re
Legge achieved emission from porous emitters roughly 5-15 pm in radius with EMI-BF 4
propellant using porous tungsten with typical pores ~ 0.5-2 Pm in size. The emitter to
extractor distance was stated to be small, but not measured directly, while relatively large
extractor orifices (1.5 mm[72]) were used. Referring to table 2.1 and using equation 2.7,
the estimated starting potentials are roughly 0.9 to 2.7 kV over this range of tip radii for a
logarithmic correction factor of 3 (for 4L/Rc ~ 20). Experimentally, Legge observed starting
potentials between roughly 1 and 1.5 kV, indicating that equation 2.7 could generally be
an overestimate for the required potential. Without the correction factor for porous media,
equation 2.2 yields starting potentials between ~ 0.4 and 0.8 kV. It should be stressed
that since both the porosity correction factor ( Rc/rp) and logarithmic correction for the
emitter to extractor spacing are often of comparable magnitude it may be difficult to discern
the effects.
For ILIS intended to operate with a specific impulse in the 3000 s range, operating
potentials on the order of 1-2 kV are desirable. Equation 2.7 suggests that for a given
porous material, operation at these potentials will require emitters with tip radii varying as
the root of the pore dimensions. Specifically, if the logarithmic factor can be taken constant
at - 3, and a typical value for -y is assumed, solving for the emitter radius yields Rc ~ 0.8-
1x1062 r, or to first approximation Rc ~ 10 gr when both lengths are in pm. Assuming
the logarithmic factor remains constant may be reasonable as it is akin to assuming the
extractor geometry is scaled proportionally to the radius Rc. In the next chapter, several
possible fabrication schemes will be discussed which yield porous structures of varying
degree. For some techniques, 10's of nm scale pore features result which, according to this
argument would require tip radii on the order of 1 pm. At this scale, hydraulic impedance
(see below), could begin to limit the emission current range or stability. It can be argued that
for such small length scales, direct ion evaporation could occur from the liquid menisucs[22].
However; the strong fields predicted by equation 2.6. 1 V/nm, could also begin to yield
unwanted electron emission from the substrate, as suspected by Gassend using externally
wetted silicon emitters[50].
2.4.2 Electrostatics for Emission and Field Enhancement from
Planar Emitters
From an electrostatic point of view the emitters serve two purposes. First they must support
strong electric fields such that one or more Taylor cones will be induced, and second they
are required to provide sufficient field enhancement to localize all emission at the emitter
tip. This second requirement is necessary to prevent unguided emission from occurring from
points other than the emitter tip. In this research, high density arrays of microfabricated
emitters which emulate previous, per emitter, results are desired. From a packaging and
alignment perspective, planar arrays are the natural geometry for this goal. However;
rather than simply targeting a tip radius (eg. - 15 pm for pm scale pores), the complete
geometry must be considered in more detail and could impact the choice of fabrication
scheme. In particular, the height of the emitter, the distance from the apex to the supporting
substrate. could be small and have adverse effects on the field. For very tall emitters, like
externally wetted emitters or the porous emitters developed by Legge, equation 2.6 provides
a reasonable estimate for the electric field strength at the emitter tip.
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Figure 2-6: Numerically simulated contours of constant electric potential for a sample case
where the emitter heights (from tip to base) are 250 pm.
To explore the impact of the geometry, the electric potential distribution has been
calculated numerically for two emitter profiles. First, as in Figure 2-6(a), an isotropic profile,
and second, Figure 2-6(b), an anisotropic (vertical) profile both terminated tangentially at
a 15 pm spherical tip. For this demonstration a 200 pm diameter grid was positioned 100
pm from the apex of the tip. The electric field at the apex of the profile, normalized by
equation 2.6, was then calculated for varying emitter heights and plotted in Figure 2-7(a).
For emitters over ~ 150 pm tall, the calculated fields exceed Eo and become relatively
steady. For tall emitters, the fields exceed E0 by 10-20 %. This discrepancy arises because
these emitters have assumed spherical tips, whereas equation 2.6 describes the field for an
infinite paraboloid.
The second requirement for emitters, to ensure the emission is localized at the emitter
apex. can also be a dominant factor influencing the design. As a metric for this requirement,
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consider the ratio of the electric field at an emitter apex compared with that far from the
emitter, where the geometry is roughly planar and the electric field approaches a minimum
equal to V/(dsg + h), where dsg +h is the net electrode spacing. This ratio has been plotted,
again as a function of emitter height, in Figure 2-7(b). The figure illustrates that good
localization, for example an order of magnitude, requires emitters to be, again, over ~ 150
pm tall.
These solutions have been derived using Laplace's equation, ignoring any space charge.
The relations are therefore linear and can be extended to any geometry if all values are
scaled together. Scaling the grid geometry would be reasonable as a typical design is
based on beam angles rather than absolute distances. Hence a more general result can be
extrapolated from this example. Specifically. emitter heights more than 10 times the tip
radius are required to achieve strong fields and good field enhancement compared with the
field between emitters.
Calculated Peak Electric Field Compared with an Infinite Parabaloid
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(a) Ratio of the numerically calculated electric field at the emitter apex,
Emax, to that from equation 2.6, Eo, for for two simple geometries.
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Figure 2-7: Variation of electrostatic parameters depending on emitter height. Tall emitters
are required to both establish suitable electric fields and ensure field enhancement, necessary
to prevent unwanted emission.
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2.4.3 Propellant Flow
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Figure 2-8: Geometries used to estimate the pressure drop, between the base of the emitter
and near the emission site(s) for conical and pillar type porous emitters .
Porous ILIS emitters are passively fed, relying on the applied electrostatic field to induce
a current and sustain it by maintaining the electrified meniscus while the internal pressure
at the emission site is reduced due to the flow. The pressure drop. between the porous bulk
and the emission site, can be approximated using Darcy's law, equation 2.8. Here, q-, is the
volume flow rate per unit surface area (m/s), K is the material permeability, P is the fluid
viscosity and VP is the pressure gradient.
Kq- = -- VP (2.8)
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For a porous conical emitter the pressure drop between the bulk media and emission
site has been estimated in equation 2.10. Here the pressure drop from a point r1 up to a
point ro has been calculated for an emitter height h and half angle a. The scenario is shown
schematically in Fig. 2-8. The flow distribution has been estimated by assuming uniform
radial flow through a spherical cap. such that equation 2.10a) approximates q,(r). As shown
in the figure r1 is the radial coordinate at the base of the emitter, equal to h/cosa. Here
the bulk pressure is assumed to be Pc, a reasonable approximation so long as h >> Rc.
The pressure drop has been terminated at a point ro, equal to Rc/tana, the point where
the conical formation transitions to a spherical tip of radius Rc. The calculated pressure
drop AP is thus an estimate of the difference between the internal fluid pressure near the
emission sites and that in the bulk.
Similarly for a tall pillar, of height h and radius Rc, as in right side of Fig. 2-8, the
pressure drop between the emitter base and spherical cap is approximated in equation 2.11.
p QhAP =-/iQ (2.11)
-rK R2C
The pressure in the bulk, Pc, can be estimated by equation 2.4, above. For a porous
medium, the permeability can be approximated using, for example, the Kozeny-Carman
Formula[89. 90]. equation 2.12. The effect of contact angle is again considered to be small
for wetting fluids[91]. In this equation. Deff and #, are the effective particle diameter and
porosity for a porous medium. The porosity is the ratio of open space, or void, volume to
total volume for a porous material. For sintered metals using small initial particles, like
the tungsten used previously for porous ILIS, pore dimensions and porosities of Deff 1-5
pm and #p ~ 20-50 % respectively are typical. These values correspond to a wide range
of permeabilities from ~ x10- 16m2 to ~ xlO 13m 2. For example, in the porous nickel
used to fabricate arrays in this research (see section 5.4), the typical particle sizes were ~
5-10 pm and the measured porosity was 45 %, corresponding to a permeability of around
0.5-1.5x10 -12 M2 . The porous tungsten used by Legge consisted of particles a few Pm in
size with a 30 % porosity yielding an estimated permeability of ~ 0.3-5x10-15 m 2 .
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The relationship between effective particle size Deff and the pore scale r, is not trivial.
However; as reviewed and considered analytically by Glover[92], in so far as roughly spherical
particles can be assumed, the approximation in equation 2.13 can be applied.
Deff -
-(2.13)
E = 0.8740- 3/2
The emitters fabricated in this research are intended to operate at emission currents on
the order of 1 pA per emitter. For typical ionic liquids (eg. EMI-BF 4), assuming an even
distribution of monomer and dimer species, the equivalent net flow rate can be approximated
from the parameters in table 2.1 to be ~ 1.7 pL/s. Representative viscosities and densities
for ionic liquids are ~ 50 cP and ~ 1.2 g/cm3 respectively. Typical Reynolds numbers for
100's of nm to 10's of pm length scales and this flow rate are low, 10-3 - 10-7, justifying
use of Darcy's law.
These relationships can help determine if a selected porous material and emitter geom-
etry may be impacted by fluid viscosity. In section 2.4.1, it was motivated that following
Rc ~ 10f- (all in ym) would yield emitters with starting potentials around 1-2 kV. In
the following section, it was motivated that for emitters with h ~ 10Rc, sufficient field
enhancement and strengths on par with equation 2.6 can be achieved.
Consider a material with rp ~ 2.2 pm such that Rc = 15 pm and h = 150 pm are
reasonable target geometries for an emitter. The pressure drops through conical and pillar
emitters for 1 pA of total current have been calculated using equations 2.10 and 2.11
respectively in Figure 2-9. A half angle of oz = 250 was used in the calculation. In addition,
an estimate for Pc as a function of permeability has been plotted using equations 2.12 and
2.13 to correlate between permeability and pore scale, rp, for porosities, @, between 20 and
50 %. The finite thickness in the plot represents this range of porosities.
The particular geometry used to generate Fig. 2-9 was selected based on a pore dimen-
sion such that emission can be expected at 1-2 kV. Specifically. we chose r, - 2.2 pm.
For this scale, the material permeability can be estimated for a range of porosities using
equations 2.13 and 2.12. For porosities from 20-50 %, typical of media considered in this
research, the estimated permeability ranges from 1-4x10- 13 M2 , as reflected by the dark
grey vertical bar in the figure.
Recall that these scaling criteria have been based on achieving Taylor cone formation at
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Figure 2-9: Estimated pressure drops required to sustain 1 PA of emission from an emitter
150 pm. tall with a 15 pm tip as a function of the material permeability. Pc is an estimate
for the internal pressure at a given permeability for porosities between 20 and 50 %. The
emitter height and radius were selected based on a 2.2 pm characteristic pore scale. The
range of permeabilities expected for a 2.2 pm pore scale over the same porosity range have
been highlighted.
a point when electrostatic stress just exceeds Pc - /rp. Hence, a reasonable condition for
avoiding hydraulic limitations would be viscous pressure drops, AP, much less than Pc at
a given operating condition. We see that for this specific case the predicted pressure drops
at the selected operating pore dimension are much less than Pc. This emitter should not
be starved, or limited by viscous losses through the structure.
As an alternative, consider a material process which yields r, - 22 nm. Here the same
scaling relations used above lead to small emitters 15 pm tall with 1.5 pm tip radii in order
to achieved starting potentials at 1-2kV. The permeability range for this pore scale and
a 20-50% porosity range has again been plotted along with the calculated pressure drops
to sustain 1 pA of emission in Figure 2-10. Here we see that the expected pressure loss
and Pc are of similar order. For this material, the emission could be unstable or limited by
hydraulics.
Cross Talk Between Emission Sites
The discussion above has only considered flow from a porous bulk, through an emitter to
a point near the emission site. For a bulk porous material, much thicker than the emitter
height and radius, the hydraulic impedance between emitters will be small relative to that
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Figure 2-10: Estimated pressure drops required to sustain 1 PA of emission from an emitter
15 pm tall with a 1.5 pm tip as a function of the material permeability. Pc is an estimate
for the internal pressure at a given permeability for porosities between 20 and 50 %. The
emitter height and radius were selected based on a 22 nm characteristic pore scale. The
range of permeabilities expected for a 22 nm pore scale over the same porosity range have
been highlighted.
through the emitters themselves. As a result, activation or operation of one emitter will
have little effect on the performance of another.
However; if multiple emission sites can be supported on a single emitter, hydraulic
interactions between these sites may become significant. Referring to Fig. 2-5. both the
process of forming and then sustaining emission from a Taylor cone at one pore could
influence the behavior at adjacent pores. For example, to sustain emission at a given pore,
the internal pressure within the meniscus and nearby pores would drop below the bulk
value Pc. If significant. this could influence the effective minimum field required to form
and stabilize cones at these adjacent pores. A more detailed understanding of the emission
sites, including the coupled relationship between the hydraulics and electrical properties,
would be required to determine if emission site interactions are important.
2.4.4 Space Charge Interactions
Emitted particles can have effects on the emission characteristics and surface electrostatics.
For LMIS, where high currents from each emission site are typical these effects can be
significant and are known to alter the electrostatics of the electrified meniscus[93. It has
previously been argued that for ILIS, space charge effects should not limit emission in the
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purely ionic regime[65].
On porous ILIS with multiple emission sites, space charge interactions between the
resultant beams could lead to. for example, enhanced beam spreading. Space-charge effects
of this form have been considered by Lozano[22], who found that for relatively large emitter
spacings, - 10's of pm. these effects should not be significant. However; that analysis
assumed a single Taylor cone per emitter. As discussed above, porous emitters may support
multiple emission sites on the surface of an emitter tip measuring only a few pm. No analysis
of these effects has been made here but the condition should be noted as it may, for example,
play a roll in determining the density of emission sites on a single emitter.
2.4.5 Planar Porous Ionic Liquid Ion Source Conclusions and Discussion
This section has discussed the operation of porous ionic liquid ion sources within the con-
text of this research. Specifically, the goal here is to fabricate porous emitter arrays where
each emitter achieves performance levels comparable to previous efforts. That is, the ability
to efficiently, and stably. extract - 1 pA per emitter with potentials around 1-2 kV. The
current, 1 pA, has been based on the results of Legge[70] and initial experiments performed
here. section 7.2. which identified this order of emission as stable and relatively easy to
achieve. The targeted potential range would allow for a reasonably large specific impulse
while operating at voltages which, while challenging, are not too unreasonable for imple-
mentation within a MEMS package. Together, this type of performance would allow for
useful thrusters like those discussed in section 1.5.
The simple scaling criteria established here are useful in assessing the suitability of
porous media and fabrication schemes but should not be viewed as anything like a complete
exploration of electrospray physics. We have focused on achieving emission at 1-2 kV and
then assumed we can emit at ~ 1 pA per emitter. but in the absence of viscous effects it is
unclear what limits, or controls, the emission current. The simple and most obvious answer
is that the voltage controls the current, this is true in practice but for a Taylor cone where
the field becomes very large near the tip, and with the size of the Taylor cone apparently
restricted by the length scale for the pores, the underlying mechanism is unclear. There are
several options (eg. conductivity, space charge...) and some discussion, but not a definitive
answer, has been made at end of the emission results section in Chapter 7.
As an example of why a better understanding of the emission limits would be useful, a
very reasonable counter argument to the hydraulic limitations mentioned above would be
that for small emitters, many more of them could be packaged together. They could then
be operated at lower currents, or equivalently flow rates. such that, per unit area. emission
comparable to an array of larger 1 pA emitters is maintained. However; the current-voltage
slopes for these devices tends to be very steep and can yield pA changes for relatively
small (a few 100's of V) potential changes after startup. Since the arguments above have
always assumed emission ultimately occurs at the tip of a Taylor cone, this I-V behavior
may not change for a smaller emitter if all other geometries are scaled in turn. For a
fabrication scheme which yields some, even very little, variability in emitter size, it may be
difficult to build a device which ensures all emitters are operating at low currents due to
the variable field strengths across emitters. Hence, operation at low currents per emitter
may be challenging and may reduce the range of allowable potentials (specific impulse) for
stable operation.
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Chapter 3
Microfabricat ion Techniques for
Porous Emitter Arrays
The aim of the previous chapter was to motivate that porous ionic liquid ion source ar-
rays would constitute a contribution to the field of electric propulsion and establish some
estimates for suitable geometries. The following four chapters are dedicated to fabricating
porous emitter arrays in a manner conducive for future development as useful thrusters. In
this chapter we review the requirements for a suitable fabrication scheme and discuss an
assortment of possible techniques in this context.
3.1 Summary of Requirements and Basic Techniques
A successful fabrication technique must achieve a result which encompasses all of the fol-
lowing:
" An uninterrupted and uniform porous path from a propellant feed point to an array
of porous emitters, whereby the material porosity must be either uniform or have a
minimum at the emission site.
" Emitters which are uniform in height and radius across the device such that electro-
spray emission can be sustained at all emitters.
" No surface features/protrusions with radii of curvature <- 100 nm to prevent electron
emission[50].
* Porosity, at the emission site, with pores much smaller than the desired tip radii, such
that a clear tip profile can be defined which dictates the electrostatic distribution.
To maintain consistency with previous devices, the range of achievable permeabilities
should not be limited to values significantly smaller than used in previously tested
porous ILIS (~0.3-8x10 5- in2 ).
" Emitters with a geometry that induces sufficient field enhancement for moderate
startup voltages (~1-2 kV). Specifically, tip radii satisfying Rc -10 /r in Pm and
heights h of ~ 10 Rc as motivated in sections 2.4.1 and 2.4.2.
" The capability to fabricate emitter arrays with a few emitters per mm 2 over dies on
the order of 1 cm2 , to establish thrust densities which approach ~1 N/m 2
" The process must integrate with an overall packaging procedure ensuring electrical iso-
lation and alignment with a matching array of apertures (the electrostatic extraction
grids).
" A path, or connection point, for coupling the device to an external fuel tank of variable
size.
" A clear and repeatable method for making electrical contacts with the device.
" A conductive substrate material.*
*This requirement is not absolute, in fact paper has been used as a combined wick and
emitter substrate material for colloid electrospray[94), however, its applicability for use as
ILIS has not been explored.
In general the available methods can be categorized as follows:
" Surface micromachining: Material is removed (etched) from a masked substrate with
resulting emitters.
* Forming: Growing or depositing emitters such that the emitters are formed on a
compatible substrate.
Meanwhile the porosity requirements can be achieved by methods that are either:
" Implicitly porous such that maintaining an uninterrupted and interconnected porous
path between the backside of a substrate and the emitters results immediately.
OR
" Compatible with existing techniques to introduce porosity within the material and
complete a porous path from the feeding point to the emitters.
3.2 Previous Fabrication Techniques for Ionic Liquid Ion Source
Arrays
Arrays of ILIS have been previously fabricated for both externally wetted and porous feed-
ing. The general emission properties from these devices were discussed in section 2.3.2.
Here we focus on the fabrication methods and their applicability to planar porous emitter
arrays.
3.2.1 Externally Wetted Silicon Arrays
This method, including developments by Velasquez[67], Gassend[50] and Garza(95], ex-
ploited the significant heritage in using silicon for microfabricated systems (see for example
Senturia[96]), primarily derived from the electronics industry. Emitters were fabricated
using both roughly isotropic RIE (Reactive Ion Etching) and anisotropic DRIE (Deep Re-
active Ion Etching). The arrays were then roughened by creating a 'black silicon' coating.
The black silicon treatment resulted in primarily micron scale features along the emitter
structures. Similar to a porous coating, these emitters relied on passive wetting to feed the
emission site. However; as mentioned in the previous chapter, the resultant arrays were
prone to inconsistent operation due to variations in the wetting characteristics as the pro-
pellant supply pool drained. Another issue, mentioned by Gassend[50], was the occasional
tendency for unwanted electron emission from the silicon surfaces. This was confirmed to
be field emission (through comparison with the Fowler-Nordheini equation) and may have
been a result of the extremely sharp (100's of nm) features formed on the black silicon
surfaces. Despite these concerns, this approach demonstrated that the use of established
fabrication techniques can be beneficial in that many arrays of emitters were created. with
high yields, without reaching the limitations of available techniques.
3.2.2 Electrochemical Etching of Porous Tungsten
Legge[70] created various 'flat' porous arrays from porous tungsten (70% dense made from
particles - 0.5-2 pum in size) using electrochemical etching. Here, bulk porous tungsten was
patterned with a polyimide masking technique described in section 3.3. The selection of
both tungsten and electrochemical etching stemmed from the success of that combination
when applied to externally wetted needles by Lozano[36]. During Legge's etching process,
which was similar to that of Lozano, the samples were immersed in a 1 N sodium hydroxide
solution with an applied potential of 6 V for roughly 45 minutes. Legge identified that
mass transport could influence the etch properties and experimented with a flow channel
but did not observe benefits compared with a static solution[70]. Legge successfully applied
the method for relatively low density linear arrays, like those shown in Fig. 2-4. However;
in that work he noted that masking issues were a significant detriment to the process yields.
Specifically contamination due to a tendency for photoresist and/or polyimide to penetrate
into the porous layer during masking. Finally, even with a successful mask, uniformity was
limited wlicii applied to higher density arrays with non uniformities becoming significant as
the emitter spacings approached ~ 500 pim.
Legge attempted to apply this technique to planar arrays similar to those proposed in
this research. Some promissing emitters on a few trial wafers were created but Legge noted
significant wafer level non-uniformities and polyimide contamination[70]. Ion emission from
those arrays was not attempted.
3.3 Masking Techniques
Many of the processes to be summarized below require a mask to either locally prevent etch-
ing (a positive mask) or allow forming (a negative mask), for growth processes. However;
when applied to bulk porous materials, the standard practice of spin coating a liquid resist
onto the metal wafer generally cannot be used as the resist would wick into the porous wafer
rather than remain on the surface, as shown in Figure 3-1(a). This issue was identified by
Legge[70] who proposed using a polyimide mask spun onto a wafer pre-saturated with pho-
toresist. The photoresist could then be removed after curing and patterning the polyimide
layer. This technique was successful but, as described above, typically had low yields and
resulted in contamination of the surface to a depth of several pore diameters[70]. Alter-
Dry film resistsheet
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surface coatings. ing laminated onto a surface
Figure 3-1: Masking porous materials must be achieved using techniques which limit con-
tamination of the porous bulk, such as dry film resists.
natively dry film photo resists. Fig. 3-1(b), can be applied. Here, a polymer based resist
is laminated onto samples using a combination of heat and pressure. The resist can then
be patterned by photolithography and developed using relatively benign chemistries (typ-
ically ~ 1% sodium carbonate). Resists capable of withstanding both acidic (MacDermid
Aquamer. Dupont Riston) and basic solutions (Dupont Vacrel) are available commercially.
although with somewhat limited thicknesses and resolutions (15 pm for Riston FX515). A
Vacrel mask was applied in the early stages of this research to create arrays similar to Legge
with increased yields and reduced processing times[71].
3.4 Techniques Considered for Forming Porous Emitter
Arrays
A number of fabrication techniques for the emitter array have been considered in conjunction
with the requirements listed at the beginning of this section. The following descriptions are
not intended to be definitive arguments against their successful implementation but rather
to identify challenges in the context of the requirements for this project.
Porous Silicon
Here a post process technique could be employed whereby emitters which were previously
formed in a manner similar to the successes of Gassend[50], Velasquez[67] and Garza[95]
are treated to become porous. Porous silicon can be formed by electrochemical etching
within an HF electrolyte[97, 98, 99]. See Smith[100] for a particularly detailed review of
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the mechanisms involved. This technique could be effective, particularly as silicon wafers
would integrate relatively simply into a complete thruster package. However; some poten-
tial concerns exist. The reported pores range from less than 1[97] to 100's[99, 98] of nm
in size. These relatively small pores may lead to excessive capillary forces and hydraulic
impedances or even electron emission if pore features at this scale are exposed at the sur-
face. Electron emission from porous silicon has been previously reported[101]. Meanwhile
larger pores may limit the allowable device thickness to ~100pm[99] to prevent cracking.
Therefore. for a coupled porous flow path from the wafer backside through to the emission
site, mechanical issues may arise. Finally, ensuring homogeneity of the porous substrate as
the total (emitter plus substrate) thickness approaches several hundred pm, may complicate
the process. Nevertheless, although not selected for this research, further investigation of
porous silicon ionic liquid ion sources should not be completely discounted.
Reactive Ion Etching on Bulk Porous Substrates
Figure 3-2: SEM image of a masked, porous tungsten sample etched using reactive ion
etching in a SF6 and 02 plasma. The results are disconcerting, yielding irregular etching
and a poorly defined feature under the mask.
A variation of the process used by Velasquez[67] and others, described above, could be
applied to a masked bulk porous metal. Benefits of this technique include the selective na-
ture of the etch, the dry conditions and the established tools available for use in processing.
This method was explored as part of this project using bulk porous tungsten patterned
with dry film photo resist (see below). The result shown in Figure 3-2 was disconcerting.
The tungsten sample was etched in a SF6 and 02 plasma following conditions reported by
Tang and Hess[102] and Williams[103]. While the resist withstood the etch conditions, the
etched surfaced was extremely rough and did not yield recognizable shapes. One possibility
for this behavior could be the tendency for plasma based etching techniques to favor the
crystal structure of the substrate, in this case a collection of randomly orientated sintered
particles. These observations suggest that RIE etching of porous metals may not be feasi-
ble; however, investing in a larger study of the behavior over a range of conditions would
be required before completely discounting this technique.
Micro-Powder Injection Molding
Injection molding of microparticles has been demonstrated as an effective technique by
Tajmar et. al[30] in developing low density annular arrays of porous LMIS emitters. In
this technique, fine particles (sub pm in size) are mixed with a binder and subjected to
high pressures and temperatures. Finally the material is sintered and the binder removed
through a combination of thermal and chemical processes[104]. Applied to this research,
this technique could be employed to simultaneously fabricate a substrate and the emitter
tips by injection moulding into a prefabricated mould. This method would be similar to
the approach taken by Fu et al.[105] who developed porous cylindrical columns together
with a porous substrate material. That group has noted a variability in porosity levels
between the substrate and emitters[104] which would need to be well understood if applied
to this research. As in the work of Tajmar, the completed emitters would likely require a
postprocessing electrochemical etching step in order to create sharp emitters from the dull
columns. Thus, although promising, this technique would still require an understanding
and characterization of electrochemical etching and could benefit from the research under-
taken here. Finally, a method for implementing this technique into an aligned, integrated
grid package is not implicit and would add to the complexities involved in maturing the
technique.
Electrochemical Growth
Here columns of porous material could be electrochemically grown by localized electro-
chemical deposition. Specifically, a relatively sharp counter electrode is positioned a short
distance above the substrate material so as to localize the potential distribution and hence
the deposition. Yeo et. al[106] have demonstrated this technique by depositing nickel onto
a copper surface. There columns up to ~120 pm in diameter and 100's of pm tall, were
created with bulk porosity levels up to 42 %. No details concerning the uniformity of the
porosity were provided. Similarly Jansson et. al[107] applied the technique to create nickel
structures with very small - 5 pm base diameters on a nickel substrate. The distribution
of features sizes between those works suggests this method could be suitable for the range
of length scales of interest here. A benefit of this technique is the ability to create features
without a mask since the position is fixed by a locally high field strength due to the sharp
counter electrode. For this research, in creating arrays. significant development would be
required in both:
i)Identifying a method for creating multiple emitters, for example by using an inverted solid
array as the counter electrode, or accurately positioning a single counter electrode repeat-
edly over the substrate and,
ii)Applying the technique to a porous surface such that a connected porous path can be
established between the bulk and the emission site.
Physical Deposition
Figure 3-3: SEM image showing tungsten sputtered onto an initially porous substrate leav-
ing a sub-micron pore structure.
Physical deposition, either through RF sputtering or thermal evaporation and Chemical
Vapour Deposition (CVD) could be used to create structures by a lift-off technique, whereby
a negative mask exposes only the desired emitter locations on a porous substrate. After
deposition the mask is removed leaving localized deposition. For example, Spindt[108] used
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thermal evaporation by electron beam heating to deposit molybdenum through a narrow
aperture covering a small cavity to create very sharp emitters a few pm tall, suitable for
electron emission. The techniques are typically applied to thin (several pm) fims[96] and
may not inherently be suited for application to bulk porous wafers.
During this research, tungsten was deposited on porous tungsten substrates using RF
sputtering. The experiment was initially performed as a means for exploring the suitability
of these techniques for creating a thin solid surface suitable for a spin on masking tech-
nique. Figure 3-3 demonstrates the interesting result that rather than seal the surface, the
deposited material appears porous. This indicates that such a technique could be used in
growing porous structures when the initial substrate is porous. However; further investi-
gation of this method was abandoned due to the high costs inherent with depositing the
required 10's to 100's of pm necessary to create arrays of ILIS.
In the context of porous emitters, an interesting approach would be to perform 'co-
sputtering' whereby two materials are simultaneously deposited on the wafer to form a
structure. As a final step, one of the materials is removed leaving empty cavities which
could serve as pores. However; this procedure would not alleviate the concerns addressed
above for forming the initial, tall, structures.
Vertically Aligned Carbon Nanotube Columns
Figure 3-4: SEM image demonstrating wetting of a column of vertically aligned carbon
nano-tubes with ionic liquid.
Columns of aligned Carbon Nano-Tubes (CNTs) can be grown on a substrate material,
using, for example, the technique of Hart[109]. The fabricated columns, which can be 100's
of ptm tall and with 10's of Im diameters, are composed of individual nanotubes -1-10 nm
in diameter. The interspacing between CNTs, or small groups of CNTs, roughly 10's to
100's of nm, would then be used as a porous material for supplying liquid to the tip of the
column. These structures have previously been wet in material science applications, see for
example Garcia[110], and have been wetted with ionic liquids while exploring techniques
during this research, as shown in Figure 3-4. Preliminary experiments with these columns
as ionic liquid ion sources have shown a high propensity for electron emission at negative
polarities, presumably due to the inherently small length scales (nm's) of the CNTs which
may protrude from the liquid meniscus even after wetting. These observations are consistent
with the body of work devoted to employing similar designs as field emission electron
sources, see for example de Heer[111]. Furthermore, although the fabrication technique
for the columns is well established, a technique for growing the structures on a bulk porous
substrate while maintaining a continuous, capillary fed, flow path from a liquid reservoir to
the emission sites is not clear. Such columns can be grown on thin layers of porous silicon
with nano-sized pores at the surface[112], but recent efforts to create similar structures on
bulk porous metals with ~pm sized pores performed at MIT have been unsuccessful[113].
Aerogels and Metallic Foams
Aerogels are a form of porous material created by removing the liquid component, typically
water, of a gel through drying under supercritical conditions[114]. The resultant materials
are characterized by high porosity levels and correspondingly low densities. Silicon dioxide
(silica) based aerogels are well developed and are typically composed of structures on the
nm scale separated by 10's of nm. Although conducting aerogels can be formed, see below,
metal oxides, or semiconductors, are more common. Examples of applications within mi-
crofabrication include Yokokawa[115] et. al who formed thin (~1 pm) aerogel cantilevers of
silica, alumina (aluminum oxide) and titania (titanium oxide) supported by a silicon wafer.
Tappan et. al[116] have developed a technique for creating metal foams by combustion
of a high density pellet composed of a synthesized metal compound. Upon combustion the
pellet grew into a monolith of porous material approximately 5 times larger. Specifically,
that work described foams of iron, cobalt, copper and silver. The process typically produced
materials with large -10 pm voids between porous structures which were themselves porous
with pores ranging from 10's of nm to a few pm.
Referring to the desired requirements for this research although aerogels and foams
are an interesting material, no examples in the literature could be found to suggest that
conducting arrays of these materials could be formed at the length scales required and as
part of an integrated, aligned, package. Furthermore, the small length scales of the internal
structures (nm's), are similar to those found in CNT columns and could be prone to similar
difficulties in achieving ion beams without dominant electron evaporation.
De-alloying of a Solid Emitter Array
This method would be used to achieve a porous structure from a preformed alloy fabricated
with the desired geometry for arrays of ILIS. The shaped alloy could be formed, for example,
by co-sputtering or a form of surface micromachining beginning from a flat wafer. The de-
alloying procedure could be chemical[117] or electrochemical[118] in nature. The resultant
porous layers are typically characterized by pores from 10 nm[117] to 1 pm[118] in diameter
and are limited in thickness to only a few pm in order to prevent structural failure due to
the differing material properties between the solid and porous layers[117]. For porous ILIS
arrays, the small pores and relatively thin porous layers expected with this method could
result in significant hydraulic impedances similar to those observed with externally wetted
ILIS where surface roughing can be described as a very thin porous layer[50]. Furthermore,
thin porous layers are disadvantageous when considering the propellant feed mechanism.
Unlike bulk porous materials, these layers would require a transverse feeding mechanism
which could reduce flow uniformity.
Electrochemical Etching
Electrochemical etching has significant heritage for both ILIS and LMIS, as has been de-
scribed in the sections above. Applied to tungsten this nethod suffered from mask incon-
patibilities. However, the research presented in the next section motivates that applied to
many metals, a specific regime of electrochemical etching in resist compatible electrolytes
can be used for fabricating bulk porous ILIS. Specifically, by operating in a diffusion (o1-
trolled (also known as transport limited) regime it will be shown that smooth, surface
micromachining of bulk porous materials, over a wide range of porosity, can be achieved.
Due to its inherent selectivity (electrical) this form of processing can be performed on
materials already mounted within a partial package.
This method is advantageous in that, if understood, it could be applied to a range of
metals and porosities. This could be beneficial if. for example, a particular material is found
to be incompatible with a desired ionic liquid propellant. The ability to etch a range of
porosities would allow for studies concerning the impact of parameter on ion emission while
maintaining constant emitter geometries. This ability will be demonstrated in Chapter 6
where very similar structures have been fabricated using both solid and a relatively high
porosity nickel.
3.5 Conclusions
We have identified a variety of fabrication schemes which could be applied to creating arrays
of porous ILIS. Electrochemical etching under mass transport conditions has been selected
in this research. This technique will be discussed in larger detail in the next chapter. A key
feature motivating this selection is the ability to, in theory, etch a range of materials. This
feature offers greater applicability to future developments of porous emitter arrays beyond
the examples, using nickel, which have been fabricated in this research. Furthermore, it will
be shown in Chapter 5 that this etching technique integrates well with a complete thruster
packaging process, including alignment with the electrostatic grids.
This review has also identified a number of other techniques which could be applied
independently, or in addition to electrochemical etch steps, in the future. For example, in
this research sintered porous nickel has been used as substrate material. Efforts to customize
a sintering process could allow for materials specifically tailored to arrays of porous ILIS,
such as sintered porous columns which are rounded electrochemically post process. Other
methods, such as de-alloying or porous silicon, could be applicable but would benefit from a
better understanding of the emission physics such that the relatively small pore dimensions
and porous substrate thicknesses are properly accounted for in the design.
Chapter 4
Electrochemical Micromachining
on Porous Metals
Transport limited electrochemical etching has been selected as a method for fabricating bulk
porous ionic liquid ion source arrays. This chapter reviews the method with the intention of
identifying the key parameters influencing etching characteristics and uniformity for porous
metals. The review includes a summary of available literature where similar methods were
applied. At the end of the chapter a numerical simulation model is presented and used to
motivate a two step etching process for creating arrays of porous ILIS.
4.1 Review of Electrochemical Etching under Mass Trans-
port Control
We begin with a review of electrochemical etching, and in particular its applications to
microfabrication. The applicability of this method to porous electrodes is addressed in the
following section.
4.1.1 Electrochemical Etching: Anodic Dissolution
The fundamental relation describing the kinetics of an electrochemical reaction at an electrolyte-
electrode interface is the Butler-Volmer relation, expressed as an electrical current density
in equation 4.1. See Bockris[119] for a more complete description.
i=o [e( - e OT (4.1)
In equation 4.1, io is the exchange current density, a constant for a given reaction which
depends, in part, on the solvation energy of the reacting species. The overpotential, q,
is the difference between the enforced potential difference at the interface and that at
equilibrium. The term 3 is a factor, between 0 and 1, which describes the symmetry
between oxidation and reduction for a given reaction. Finally, F is Faraday's constant, T
is the local temperature and R is the universal gas constant (the product the Boltzmann
constant and the Avagadro constant). When considered in the context of electrochemical
etching, the electrode in question is the metal substrate to be etched, M, and the governing
reaction takes the form of equation 4.2 at a rate governed by equation 4.1.
M ++ MZ+ + ze- (4.2)
Equation 4.2 assumes a single step reaction with valence, z. In practice the dissolution
process may have multiple steps and/or occur in parallel with other reactions (notably
oxygen evolution) resulting in the use of an empirical effective valence[120, 121] in equation
4.2. When etching. the flux of material removed from the metal is related to the interfacial
current by Faraday's law, equation 4.3. Here M is the molar mass, p is the material density
and n' is the unit normal vector.
- Mi7= -in (4.3)
zFp
4.1.2 Operating Regimes
For ideal, planar., geometries with a constant potential distribution and negligible transport
effects, the description above would be sufficient. However; in general the reaction rate varies
across the material surface and depends on both the potential distribution and concentration
gradients. As described in the reviews of Datta[122, 121] and Landolt[120], in regions where
transport effects can be ignored the current distribution is said to be either a primary or
secondary distribution depending on the Wagner number,
dij/di
Wa = j .*(4.4)
Here pe is the electrolyte resistivity, L is a characteristic length and dr/di is the differential
resistance of the interface, equal to the kinetic resistance for unit area. The Wagner number
is a measure of the proportion of potential drop which occurs near the material surface,
compared with that within the electrolyte. For small Wagner numbers, the primary distri-
bution, the potential across the electrochemical double layer does not change significantly
for a change in current. Here the majority of the potential drop between the active electrode
and a counter electrode occurs within the electrolyte and the reaction proceeds at a rate
proportional to the electric field as dictated by Ohm's law. For large Wagner numbers, the
secondary distribution, the potential drop occurs primarily at the interface relegating the
dependence on the electric potential distribution in the electrolyte to be secondary.
At increasing overpotentials, and hence currents, mass transport effects begin to influ-
ence the reaction rate[119] and must be considered in addition to the electrical distribution
described above. Specifically. the transport of a species with concentration c from the sur-
face of the metal due to diffusion can be estimated by the normal component of Fick's law
to be,
Ac
F = DVac ~D-n. (4.5)6
Here D is the species diffusivity, and Ac is the difference in concentration between the
metal surface and electrolyte bulk assuming a Nernst diffusion layer of thickness 6. A
Nernst diffusion layer is equivalent to assuming diffusion effects are restricted to within a
layer extending from the surface to a thickness 6 in the electrolyte[119]. As transport effects
become significant both the reaction kinetics and transport contribute to calculating the
total current[119, 121].
At still higher overpotentials (and hence current densities), mass transport effects begin
to completely dominate the reaction rate[119, 121, 122, 120] and a plateau within the current
versus overpotential relationship can be reached. This, transport limited, scenario has been
drawn schematically in Figure 4-1. Once limited, the surface can effectively become highly
polarized since the reaction rate will be independent of potential. Outside the diffusion
layer the Wagner number will then be large and the electrical distribution between the
counter electrode and diffusion layer boundary will be of the secondary kind. Both the rate
of reactants reaching the surface, where they maintain the electrochemical double layer, or
the transport of reaction products away from the metal could limit the rate[122]. The later
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Figure 4-1: A sketch of the typical polarization curves seen in this research using potentio-
static scans on anodic electrodes. The Faradaic curve corresponds to that predicted by the
Butler-Volmer relation, equation 4.1. Simple transport limited reactions are characterized
by a plateau controlled by mass transport properties.
is more common within dissolution of metals[122, 120], where a resistive film of porous,
saturated[123], or possibly super-saturated[124], salt forms at the surface. This surface
layer has been estimated to be on the order of 10 nm thick[123]. Once established, it is the
dissolution of this salt layer through the diffusion layer. 6, which limits the reaction rate.
4.1.3 Composition and Control of the Diffusion Layer
Depending on the characteristics of the reaction. the salt film may lead to anodic oxidation
of the metal and passivate the surface[122, 121], as in the lower curve of Fig. 4-1. Although
further increases in the electrode potential can lead to a breakdown of the passive layer,
efficient etching requires that this take place prior to any additional reactions evolving, most
notably oxygen evolution. Once the salt film is established the reaction will, for a point
on a non uniform geometry, continue at a rate given by Fick's law, such that the surface
current density will be,
~# DzFi = D Vnc. (4.6)
Here 0 is the current efficiency which accounts for current wasted on other reactions (for
example oxygen evolution) [125]. The concentration profile under quasi-steady conditions is
given by the convective diffusion equation,
DV 2c-v7-Vcz=0, (4.7)
where vi is the convective velocity. A common approximation is to ignore the convective
term in equation 4.7 and instead assume a stagnant diffusion layer with a thickness 6 varying
with the hydrodynamic conditions[121. 126]. Measurements of the diffusion layer thickness
for anodic dissolution (120, 121], with various forms of forced convection, range from a few to
hundreds of tm, decreasing with enhanced fluid flow. In the absence of forced convection.
free convection limits the diffusion layer growth to a few hundred pm[119]. Estimates of the
thickness can be made from equation 4.8 where the Sherwood number, Sh, is a dimensionless
representation of the transport rate and de is the hydraulic diameter. Numerous correlations
for the Sherwood number are available in the literature and have been extensively compiled
by Selman[126] and Isaacson(127] depending on the hydrodynamic conditions (eg. cell
geometry, flow rates, fluid properties).
de
6 = S (4.8)Sh
For example, using the tabulated correlations of Selman, for laminar flow in a rectangular
duct of width w with electrodes on the upper and lower surfaces separated by a height h,
equation 4.9 can be employed. This relation applies to cells with a hydraulic diameter, de,
more than 1.85 times larger than the electrode separation, h.
Sh = 1.85 ReSc d 1/3
(,L
for 75 < Re < 7000 (4.9)
600 < Sc < 12000
0.05 < de/L < 20
In equation 4.9, L is the active electrode length and the Schmidt and Reynolds numbers,
Sc and Re respectively, are given in equation 4.10. For rectangular channel Selman sets
de = 2h.
Re = Vrd
e Ve (4.10)
Sc = -D
In equation 4.10, v is the electrolyte velocity, v is the electrolyte viscosity and D is the dif-
fusivity. Note that in equation 4.9 the viscosity cancels between the Reynolds and Schmidt
numbers (leaving the Peclet number vide/D) while in equation 4.11 a small dependance on
viscosity remains.
For small electrode separations (h/w ~ 0.16). this relation is modified, according to the
reference, to equation 4.11.
Sh = 2.54 Re 1/3 o.29
for 200 < Re < 2000 (4.11)
1000 < Sc < 3500
0.025 < de/L < 1
It is useful to consider some typical cases which will occur in this research. For example
for nickel, Ni 2 +, and titanium, Ti 4 +. the diffusivity at infinite dissolution and 25"C can
be estimated using available correlations[128, 89] to be ~ 6.6x10-6 cm 2 /s and - 1.2x10-6
cm 2 /s respectively. These values are in good agreement with those used by other authors
for nickel[129, 130] and titanium[131]. Consider a cell with an equivalent diameter of 5
mm and 10 mm long electrodes. At an electrolyte velocity of 100 cm/s (Re - 5000 for v ~
1x10 2 cm 2 /s). as used by Datta[129], equation 4.9 predicts a diffusion layer 17 Pm thick.
For a much slower rate of electrolyte flow. 5 cm/s for example, the calculated diffusion layer
thickness increases to roughly 46 pm.
For nickel dissolution in 1 M aqueous HCl, Strehblow[130], lists a nickel saturation
concentration of 4.8 M/L. Using equation 4.6, and the estimates for D and 6 above, current
densities between 3.6 and 1.3 A/cm 2 would be expected from a planar electrode for 17 and
46 pum diffusion layer thicknesses respectively.
4.1.4 Choice of Electrolyte
The description above has assumed simple reactions such that a well defined plateau of
mass transport control exists within the cell polarization curve (Figure 4-1). As reviewed
by, amongst others, Datta[122]. the ability to achieve wide, clearly defined limiting current
plateaus depends on the specific electrochemical cell. This includes the anode and cathode
materials, the electrolyte and the hydraulic configuration.
In a review of these techniques by Landolt[120], that author notes that favorable, trans-
port limited, conditions are typically achieved using acidic solutions. However; numerous
chemistries exist for electrochemical etching of metals using acidic, basic or neutral salt
solutions, see for example Datta[121]. Figure 4-1, above, schematically illustrates some
typical potentiostatic sweeps, or polarization curves, for anodic dissolution depending on
the electrochemical cell. In order to maintain diffusion controlled reactions throughout the
activated region of a substrate, a wide limiting current plateau is desirable. The passivating
case in the figure (for example sulphuric or nitric acid in nickel dissolution), was mentioned
earlier. In this case, at increasing potentials. current may begin to flow again (transpassive)
but often quickly becomes dominated by oxygen evolution and the limiting current plateaus
are very narrow. However; using other electrolytes a large limiting current plateau can be
observed (for example hydrochloric acid for nickel as identified in Chapter 6) .
An appropriate tool, as described below, should be capable of controlling the magni-
tude of the limiting current plateau through both electrical and hydrodynamic conditions.
However; as performed by, for example, Grimm[123] and Strehblow[130], doping the bulk
electrolyte with the etch products can provide additional control over the transport prop-
erties. With increased concentration of the dissolving metal ion, the difference between the
saturation and bulk concentrations, and hence the etch rate, are reduced (equation 4.6).
This would also reduce the amount of dissolved material required before a saturated salt
layer precipitates, possibly reducing the impact of transient behavior. Adding salts can
therefore provide additional control with minimal changes to the cell hydrodynamics which
dictate the size and uniformity of the diffusion boundary layer. Applied to microfabrication
it will be demonstrated in section 6.5 that by slowing the reaction without disturbing the
highly sensitive hydraulic conditions, this method is particularly useful for achieving short
duration etches on porous materials.
Non aqueous solutions can also be used. Madore[131] found that by employing sulfuric
acid in pure methanol, steady diffusion controlled etching of titanium could be achieved
and applied to fabricating cavities much smoother and more uniform than chemical etching
or electrochemical etching in water based sodium bromide solutions.
4.2 Transport Limited Electrochemical Micromachining
Through mask electrochemical micromachining of solid metals is typically performed under
transport limited conditions (see for example refs. [122, 120, 121, 131, 132, 133]). This has
primarily been attributed to the ability to achieve micron scale smooth etching under these
conditions. Datta and Landolt[122, 120, 121] note that outside the transport limit, etching
tends to favor the crystallographic structure of the material leaving a surface which is often
rough and pitted at the micron scale depending on the initial crystal structure. Applied to
porous materials, where the crystallographic structure is highly randomized, this could be
highly detrimental as was observed using RIE etching (section 3.4). Figure 4-3(a) in the
next section demonstrates this phenomenon for porous nickel.
Achieving, predicting and controlling electrochemical microfabrication under mass trans-
port conditions requires a precision tool to control and parameterize inputs, accept an ap-
propriate selection of electrolytes and provide feedback to monitor the etch progression.
The following paragraphs review literature addressing these concerns.
4.2.1 Existing Tools for Electrochemical Mirofabrication
Many of the cited examples of electrochemical microfabrication have been applied to form-
ing cavities or holes through sheets of solid material. Here the bulk of the material is masked
with a relatively small region exposed. At the scale of the ion emitters required here, also
know as the feature scale, the appropriate tool should provide consistent hydrodynamic
and electrical conditions facilitating comparisons with numerical models or empirical corre-
lations. If known, such correlations could be fed back into the tool control system to provide
a means for adjusting etch profiles in a predictable manner. At the wafer, or pattern, scale
the tool should yield uniform results for all features, regardless of their position on the
wafer. For emitter arrays used as ILIS, this translates to uniform emitter heights and tip
geometries.
Rotating disk electrodes are well established for electrochemistry experiments specifi-
cally for their ability to isolate kinetic and mass transport effects in a defined manner[119.
126]. They are well suited for geometries that are mostly planar, or reactions where very
high transport limited currents(low diffusion layer thickness) are desired. Applied to mi-
crofabrication, Madore[131] successfully used a rotating disc configuration when etching
masked titanium samples.
A number of other tools which have been developed for both anodic dissolution and
electrochemical deposition processes have been reviewed by Datta[122]. That author notes
that, other than rotation, agitation is generally applied through some combination of a
moving paddle or a flow channel with the surface either immersed in electrolyte or sprayed
with impinging jets[134]. The paddle may be either electrically neutral or double as the
cathodic electrode for the reaction[135, 136, 137].
One benefit of the latter configuration, using the agitator as the cathode, is evident con-
sidering the high currents required to sustain diffusion control, often exceeding 1 A/cm 2.
At these currents, close electrode spacings are required to counteract Ohmic losses in the
electrolyte[122]. Furthermore, the high net currents could induce significant and non uni-
form Joule heating within the sample itself[120] causing localized alterations to both the
electrolyte and interface behavior. Unlike flow cells where the entire sample is activate(l. ca-
thodic paddle agitators can be designed to provide localized dissolution[135, 132] with only
the region directly below the paddle active at any given time. Finally, these paddle cells
provide a means for simple reversal of the flow direction(122]. alleviating, to some extent.
directional non-uniformities across the wafer as would be expected in simple flow cells[138].
When applied to this research, large exposed areas are expected leading to high current
magnitudes suggesting localized etching through either a closely spaced paddle or nozzle
head could be optimal. However; a jet impingement design may not be suitable for fabricat-
ing sharp porous emitters where strong undercutting of the photoresist mask is desirable.
The jet could cause unpredictable disruptions to the mask by physically damaging it. There-
fore a cathodic paddle agitator has been applied in this research. The specific configuration
is described further in Chapter 6.
4.3 Electrochemical Etching on Porous Electrodes
The subject of electrochemical reactions within porous electrodes has been well developed,
particularly for their benefits as battery electrodes where a maximum activated surface
area is desirable. The review of Hampson[139] includes both a general description of the
important physics and summarizes efforts for a number of materials. Using simplified models
for a porous structure, the penetration depth, equation 4.12, can be derived[139]. As
explained in the cited reference, the penetration depth approximates the distance into the
pores where the electrical resistance of the fluid matches the kinetic resistance of the surface
within the pore. Here Rk is the kinetic resistance for unit pore length and RQ is the
Ohmic resistance per unit pore length. Specifically. Rk has units Q - m and decreases with
increasing depth, while Ra has units Q/m and increases with increasing depth.
Rk 1/2 = d 1/2A R) P rL2 (4.12)
Comparing the right side of equation 4.12, where D, = 2r, is a characteristic pore di-
ameter, and equation 4.4, it is clear that the square of the penetration depth is proportional
to the Wagner number. In section 4.1.2 for simple electrodes, when the Wagner number
was high, the potential drop through the electrolyte became secondary leading to uniform
reaction rates regardless of the physical configuration. In porous electrodes, this translates
to a large penetration depth, etching will occur deep within the material. Conversely at
low Wagner numbers, where the potential drop occurs primarily through the electrolyte,
the electric field would be greatly reduced within pores compared with the surface.
In the context of batteries large penetration depths are desirable to maximize the react-
ing area. In this application etching within the pores could have several detrimental impacts
when attempting to operate porous ILIS by: i)developing an adverse porosity gradient to
that desired, ii)inhibiting wetting near the tip, particularly as the penetration depth ap-
proaches the target tip radius and, iii) increasing the complexity inherent in predicting etch
times by introducing variations in the active area. Thus minimizing the penetration depth
is desirable. As the penetration depth approaches zero (or at least a single pore diameter),
etching within the pores will cease, leaving the pore structure intact.
Hampson incorporated transport effects (but not necessarily enforcing a transport lim-
ited surface) along with the penetration depth concept to show that at high reaction rates,
the penetration depth will be reduced and the net current from a single pore decays to a
value equivalent to that expected from solid material with the projected surface area of
the pore[139]. This finding has been echoed by the macro models of Newman[140] and
Alkire[141] where averages over the porous structure were used as opposed to simplified
individual pore geometries. In those studies, which also included internal mass transport
effects, the authors showed theoretically that as the applied potential was increased the
reaction shifts to the surface with decreasing reactions occurring in the bulk. Again, this
finding was deemed undesirable for batteries but can be highly advantageous for etching
arrays of porous ILIS.
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Figure 4-2: Under transport limited conditions sharp features will etch quickly due to strong
concentration gradients while recesses, like pores, will be shielded.
For the case of complete mass transport control, where equations 4.5 and 4.7 govern
the etch rates within a diffusion layer thickness 6, much larger than the pores, the entire
surface could therefore be smoothly etched at a rate approaching that of a solid material.
This concept has been illustrated in Figure 4-2 which shows the intensity of the normalized
concentration gradient, proportional to the local etch rate on the surface, for a simplified 2D
geometry. The figure demonstrates that, within small features similar to pores. little etching
would be expected. Thus while transport limited etching has previously been applied to
smoothing materials, as evident by the enhanced rates on protrusions in the figure, in this
research we exploit the same mechanism to shield the internal pore structure.
Developing a consistent method for achieving this type of etching on porous materials
has been a primary goal of this research. As a precursor to the results presented in the
MIT1498 2010/11/18 13:01 x120 500 um MIT0651 2010/05/30 23:40 x120 500 um
(a) Sample image after etching well below the (b) Sample image after etching under transport
transport limit with a high penetration depth. limited conditions. Smooth features and strong
Note the sharp features caused by the reaction undercutting have been achieved.
favoring crystal planes.
Figure 4-3: Etching below and above the transport limit for identical initial bulk materials
(>10pm pore nickel).
following chapters, Figure 4-3 demonstrates that, even for materials with relatively large
pores (10's of pm), etching under transport limited conditions, Fig. 4-3(b), can lead to
surface micromachining under a mask. In Figure 4-3(a), the identical material was etched
at a rate well below the transport limit. The pore structure is clearly being etched and no
clear shape is being formed under the mask.
4.4 A 1-D Model for Transient Behavior
The time scales for diffusion layer growth and decay are often significant when applying
transport controlled etching to porous substrates. To consider this analytically we extend
the assumption of an enforced stagnant region to assuming that the convective transport
of etching products always maintains no additional (above the bulk concentration) etch
products beyond a distance ~ 6 from the material surface. The time dependent diffusion
equation can then be solved analytically for a 1-D spatial problem. This type of analysis
can be found in numerous texts, such as Bockris[142, 119], for treating a variety of transport
problems. In the analysis shown here, the reaction has been treated as entirely transport
controlled and hence all kinetics at the surface are ignored. As explained in Bockris[119]
this assumption must satisfy two requirements. First the electrochemical double layer is
presumed to charge/discharge at a time scale much smaller than the pulse, this time scale is
typically on the order of pis[119, 143, 144]. Second, the kinetic, or Faradaic, current which
would be incurred in the absence of diffusion effects, must be much larger than the transport
limited current. Referring to the idealized polarization curve of Fig. 4-1, the assumption
of a very large Faradaic current may be valid for potentials far to the right on the limiting
current plateau. In this model, this assumption has been extended to enforcing a saturated
electrode surface instantly, thereby neglecting both the capacitive charge time and the time
required to form the thin (- nm, see section 4.1.3) saturated salt layer.
The problem can be treated in a general way using the following non dimensional pa-
rameters. Here, csat and 6 are the salt film saturation concentration and diffusion layer
thickness respectively. The time constant for diffusion. r, and limiting current density, iL,
complete the normalization.
c* =
Csat
z* =
6 (4.13)
t
T
-L
62
D (4.14)
zFDCsat
Using equations 4.13 and 4.14 for a 1-D diffusion layer undergoing forced convection,
the problem reduces to equation 4.15. When etching is active (t* = t*a), the assumption
that surface saturation occurs during a negligible period of time is equivalent to enforc-
ing c* = 1 at the material surface. This assumption may be significantly detrimental in
that, as will be revealed below, it leads to a singularity in the expected current for short
times. Computationally this can be avoided by introducing a threshold time many orders
of magnitude smaller than r where stable solutions can be sustained. When not etching
(t* = t*,). no material leaves the surface itself and the gradient (proportional to flux) of
the concentration there is zero. As described above, forced convection is approximated by
an enforced boundary condition at x* 1 where the concentration is forced to zero at all
times.
Oc* 02c*
=0
at* Ox*2
c **_o = 1 for t* = t*
O -1 for t(4.15)ac*
= 0 for t* = t*1OX* x*=0of
c* 0 for all t*
We are predominantly interested with the case when etching is occurring. Here a solution
to equations 4.15 is given by equation 4.16. This solution was generated using separation
of variables and applying the boundary conditions in equations 4.15. Here t* is taken as
the time after etching began, with an initial arbitrary concentration field c*(x*) prescribed.
For conditions where the initial boundary layer is free of etch products, such that c* = 0,
solutions using Laplace transforms can be found[142]. However; the more general series
solution has been preferred for its applicability to pulsed etching, discussed in the next
section.
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Figure 4-4: The concentration field is built up over time after beginning to etch at t*V 0.
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c*, (x*,t*) 1- * + A* sin(n7rx*)e- 2 n2 t.
-n=1 (4.16)
A*n = (c3 - 1 + x*) sin(n-rz*)dz*
.0
Equation 4.16 has been plotted in Figure 4-4 for the indicated values of t* for the case
where the concentration in the electrolyte is initially zero, c*(x*) = 0. In practice for this
research, the concentration profile itself will not be measured, but rather the current can
be observed when a fixed voltage is applied (referred to as a potentiostatic measurement).
As stated in equation 4.17, the current is proportional to the material flux and hence
the negative of the concentration gradient at the material interface. Equation 4.17 gives a
proportional estimate for the current evolution in time for this 1-D simplified model.
S= c* = 1 - A*n7re (4.17)
OX* x*=0n
n=1
Equation 4.17 has been plotted in Figure 4-5 as a function of time, again for the case
where the initial field is empty. From a practical standpoint. Figure 4-5 demonstrates how
potentiostatic measurements could be used to estimate the diffusion layer thickness to,
possibly, a higher degree of certainty than simply measuring the limiting current plateau.
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Figure 4-5: Non dimensional current versus time beginning with an initially empty concen-
tration layer, c*(x*) = 0.
Referring to equation 4.14, the measured limiting current in an experiment depends on
the active area, effective valence. diffusivity and diffusion layer thickness. Depending on
the electrode arrangement. the active area may be difficult to measure in practice as will
be evident in the configuration used in this research. However; referring to equation 4.17,
under potentiostatic conditions, the current, normalized by the observed limiting current,
yields a curve dependant only on t*. A fit to the data as a function of time can then give an
area independent estimate for T, and therefore a measure of 6. if the diffusivity is known.
Of course, this method is limited by the assumptions inherent in this 1-D model, including
the bold assumption that while etching the active area remains constant.
Applied to etching porous materials, it is useful to consider the inverse of the value
plotted in Figure 4-5. This value represents a length scale for concentration changes during
the transient period while the concentration layer develops. It was previously postulated
that smooth surface etching of porous materials would be possible under mass transport
limited conditions so long as the diffusion layer thickness was much larger than the pores
themselves. In this respect, the length scale for concentration changes of Figure 4-6 can
be regarded as an effective diffusion layer thickness, *f,, over which the majority of the
concentration drop occurs. The figure shows that initially this effective thickness will be
small and could prevent pore level smoothing. The degree to which this may impact etching
depends on the time scale T, or more specifically the total etch time relative to -r.
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Figure 4-6: Effective diffusion layer thickness approaches the DC value only after a transient
period where smaller length scales may dictate the behavior.
The figure shows that etch times lasting at least ~ 0.3-0.5- are required before a steady
current at the desired, or designed, limiting current is reached. Applied to short etches
on porous materials, this could lead to significant in pore etching leaving a sharp., high
porosity surface. From a control standpoint, this sets a limit on the minimum amount of
material which can be removed without taking extra precautions to ensure smooth surfaces
during low etch times for porous materials. This issue will be demonstrated and addressed
experimentally in Chapter 6 when attempting to tailor the fabricated emitter geometries
with short secondary etches.
The problem of removing products when not etching can also be considered using the
second boundary condition, for t = t*f in equation 4.15. Equation 4.18 gives the resultant
concentration field as a function of time in this scenario. again for an arbitrary initially
prescribed field c*(x*). Using this equation, the normalized concentration is plotted in
Figure 4-7 for the indicated values of t* for the case where the field is initially filled. c* (x*) =
1 - X*.
n7E r2 2
cof(x, t) B* cos( 2 X e
n=1 (4.18)
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Figure 4-7: Concentration field dissipating over time when not etching.
4.4.1 Pulsed Dissolution on Porous Electrodes
Time varying signals for transport dominated electrochemical processes have been investi-
gated theoretically and experimentally by numerous authors. In particular pulsed currents
have been used frequently in electrodeposition processes[145, 146, 147, 148, 143] and anodic
dissolution applications[121, 149, 143] where they have been credited with increasing depo-
sition uniformity under certain conditions. Chin[143] and Dukovic[148] in particular provide
summaries of experiments where enhanced uniformity was reported using pulsed dissolu-
tion. In the cited reference, Chin attributes enhanced uniformity for both electrodeposition
and electrochemical etching to the ability for pulsed operation to enforce a large apparent
Wagner number while yielding high instantaneous currents. However; Ibl[144] predicted
that for pulses under constant mass transport control, enhanced deposition on protrusions
may be avoided as the diffusion layer "follows the profile" as it evolves. Clerc[150] alludes
that one interpretation for enhanced uniformity with due to a reduced effective diffusion
layer thicknesses, could be a more conformal layer which remains consistent over the evolv-
ing surface. Meanwhile, for electrochemical etching, Datta and Landolt[149] focused on
thermal benefits of operating at very high (100's of A/cm2 ) instantaneous currents but low
average currents while also noting that the reduced average current can lead to enhanced
control during timed processes [121]. Applied to etching on porous electrodes, the two later
phenomena may be beneficial while the argument of high Wagner numbers is disconcert-
ing. As discussed in section 4.3, operation in the secondary current regime at high Wagner
numbers, can be analogous to high penetration depths on porous materials. This would
correspond to significant etching within pores rather than the desired surface smoothing.
Indeed, in the same review Chin notes that, as part of their experimental research using
alternating (bipolar) signals[151, 152], their group obtained enhanced electrical penetration
when performing electrodeposition through a porous zinc electrode. During one study[152]
those authors noted that alternating voltage anodic dissolution at 60 Hz resulted in in-
creased pitting and material removal along grain boundaries. However; that work used
relatively high speed rotating disc electrodes suggesting operation outside the transport
limited regime.
Despite this concern, the possibility that pulsed etching could yield enhanced uniformity
led to the following theoretical treatment and, in section 6.4.4, experimental application of
the technique.
4.4.2 Modeling Pulsed Voltage Conditions Under Diffusion Control
Several models for electrochemical processes under pulsed current conditions exist in the
literature. These include the linearized model of Ibl[144) in which a duplex diffusion layer
composed of a frequency and duty cycle dependent inner thickness is bound within a thick-
ness prescribed by the constant current behavior. This model has been adapted to elec-
trochemical machining by Datta and Landolt[149, 121]. Both Cheh[145] and Chin[143]
developed analytical models using series solutions to the transport problem, similar to the
approach used here but again applied to pulsed current electrodeposition. The model of
Chin also includes a kinetic model for the electrical interface to predict voltage transients
under galvanostatic (enforced current) conditions.
These previous works were concerned with enforcing current pulses rather than voltage
pulses. Pulsed voltage conditions have previously been applied to dissolution by, for example
Datta and Landolt in developing an electrochemical saw[132] and, to a lesser degree by
Chin[152] on zinc electrodes. Under pulsed current operation the concentration at the
interface may grow and decay over time, eventually approaching the saturated condition
for salt film formation discussed previously. Under these conditions. the reaction may not
be limited by transport throughout the pulse. When etching porous materials, transport
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Figure 4-8: Non dimensional current evolution in time during pulsed voltage etching.
limited conditions are always desirable. Enforcing an applied potential well within the
limiting current plateau has been selected as an alternative to promote these conditions as
quickly as possible. In the model described above, this condition was extended to assuming
the current is Faradaic for a negligible amount of time such that the reaction is entirely
transport controlled. Even under these conditions whereby the overall reaction may initially
be limited by mass transport, the scenario may not favor smooth etching at the porous
surface throughout a pulse. However; as transport effects dominate. the current decrease
will be accompanied by an increase in the length scale for concentration changes, leading
to the desired smoothing effects at the porous surface. This desire supports using pulsed
voltages over currents.
If the pulsing time scales are long enough for the assumption, made in the earlier analysis
above, that the time required to form a salt film is negligible remains valid, the problem
can be explored using equations 4.16, 4.17 and 4.18. Consider voltage pulsing at a non-
dimensional period T* = T/r and duty cycle a such that etching occurs for the portion aT*
of each period. The evolution of the concentration field. and corresponding etch current,
can then be deternined iteratively such that, at each period, the field defined by equation
4.16 at t* = aT* is input as the initial condition for dissipation of the layer, in equation
4.18. Subsequently the field at t* = (1 - a)T* in equation 4.18 becomes the initial condition
at the next period of reforming the layer when etching continues. The current over time
has been calculated in this manner in Figure 4-8 for the case where T*=0.02.
After several periods, a steady state condition will be reached, where the field calculated
at the end of a given period matches that found at the end of the previous period. This
condition, equation 4.19, is equivalent to a zero net filling rate for the diffusion layer over
the total pulse, such that the net amount of material added from the metal surface to the
layer when etching is identical to that diffused out of the layer when not etching.
c*f(x, t* + T*) = c*ff(x*, t*) (4.19)
The steady state condition is demonstrated in Figure 4-9 for an example case where
T* = 0.02. The figure presents the steady state minimum and maximum concentration
fields, corresponding to the beginning of the period and end of the etching segment (t*
aT*) respectively for three different duty cycles. At a 50% duty cycle, Figure 4-9(a), the field
nearly becomes linear indicating that the etching current at the end of the cycle approaches
the limiting current density iL. However; at lower duty cycles, Figures 4-9(b) and 4-9(c),
the steady state condition instead resembles a dual layer structure. Here the concentration
field near the surface is again roughly linear but has a relatively steep slope throughout the
pulse. This result is in good agreement with the linearized theoretical treatments of Ibl[144]
and Datta[149] for pulsed current reactions discussed above.
Figure 4-9 presents a concern when applied to porous materials where at low duty cy-
cles, the length scale for variations in concentration can be seen to oscillate between values
consistently lower than the enforce diffusion layer thickness 6. Thus, one interpretation of
pulsed voltage etching is that it reduces the steady state effective diffusion layer thickness,
6ef(introduced in the previous section). This interpretation is consistent with one conclu-
sion of Datta[149], that pulsed current dissolution can achieve high mass transport rates at
decreased electrolyte flow rates. These results also echo those of Ibl[144] for electrodeposi-
tion, where the same linear model used by Datta was used to predict reduced enhancement
of surface roughncsses at lower effective diffusion layer thicknesses during pulsed operation
at high frequency and low duty cycle. Referring to Fig. 4-2 of section 4.3, reduced reaction
rates on protrusions are analogous to reduced shielding of pores on a porous structure.
Recall that the effective diffusion layer thickness was defined previously to be propor-
tional to the inverse of the etch current when the surface is activated. This metric was
used by Ibl[144] in determining a pulse limiting current, representing what current could be
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Figure 4-9: Normalized concentration fields at the beginning and end of pulses once the
steady condition of equation 4.19 has been reached for T* = 0.02 and the indicated periods.
At low duty cycles a (uplex diffusion layer structure becoIes evident.
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Figure 4-10: Effective diffusion layer thicknesses averaged over current (upper) and time
(lower).
enforced during pulsed current operation such that the rate became transport limited at the
end of each pulse. When etching porous materials, the diffusion layer thickness throughout
the pulse, rather than simply at the end of the pulse, will impact the etch quality. In
Figures 4-10(a) and 4-10(b), the average thickness has been calculated for pulses at steady
state. In Fig. 4-10(a), the average has been calculated over the flux (or current).while in
Fig. 4-10(b) the average has been made over time. The former may be a more useful metric
as it takes into account that relatively more material is removed during the initial portion
of each pulse. The trends show that for high frequencies (low periods) and low duty cycles
the effective diffusion layer thickness may become significantly smaller than the nominal
(constant voltage) value.
Steady State Current at Indicated Periods and Duty Cycles
10
T*=0.025
0T*=0.
T*=O.25
0T*=0.5
10
10 10 10
Duty Cycle, a
Figure 4-11: Current averaged over the entire pulse at the indicated periods and duty cycles.
One of the benefits of pulsed dissolution may be the ability to reduce the average current
on a substrate and hence the average power being deposited by Joule dissipation through
both the saturated salt film and electrolyte[149]. To this end. Figure 4-11 gives the time
averaged current, over an entire period, at the steady state condition as a function of duty
cycle for the indicated non dimensional pulsing periods. The figure shows that, in general,
the average current is reduced at lower duty cycles, particularly at longer periods. At
high periods, the ability for the duty cycle to reduce the average current becomes more
significant because the concentration field. when on. will approach the limiting state for a
relatively long portion of the pulse, thereby making the initially high current transients less
significant. However; at lower periods, the transient behavior dominates and, although the
substrate may only be active for a short period of time, the current during that period is
very high.
Finally, the pulse limiting current, defined as the current at the end of each pulse
(a minimum) has been plotted in Figure 4-12. The trends here are consistent with those
observed using pulsed current models[143, 144, 145], demonstrating that at high frequencies
and low duty cycles, relatively high pulse currents can be sustained when etching.
This highly simplified model suggests that while high frequencies and low duty cycles
may lead to poor smoothing of porous materials, operation at relatively low frequencies and
high duty cycles should be possible. However; it remains to be seen if any uniformity benefits
remain under these conditions as many of the previous works cited above operated within
the opposite extreme, high frequency and low duty cycle, where significant reductions in
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Figure 4-12: Transport limited current at the end of each voltage pulse at the indicated
periods and duty cycles.
average current are achieved. It should be stressed that by assuming an instantly saturated
layer, this model overestimates the current to. possibly, a significant degree. In reality.
a maximum current either due to the reaction kinetics, electrolyte conductivity, or power
supply limitations would place an upper bound on the surface current. This would have the
effect of reducing the average current and hence the filling rate of the concentration field
while etching. Once a steady state condition has been reached, this issue may become less
significant depending on the initial concentration field at the start of each pulse.
4.5 A Numerical Simulation for Etch Profiles
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Figure 4-13: Emitter fabrication by undercutting of a circular mask.
Under the appropriate conditions, electrochemical etching may yield predictable, smooth,
surface micromachining on porous materials. Applied to this research, the technique can be
used to fabricated emitters from a bulk porous substrate using an undercutting procedure
similar to that shown in Figure 4-13. A script has been developed using MATLAB solvers
to numerically predict emitter geometries under conditions of mass transport control. This
section begins with a review of some similar codes in the literature before describing the
script developed here and presenting selected results.
4.5.1 Previous Simulations of Electrochemical Microfabrication
Under diffusion control. when an estimate of the diffusion layer thickness can be made, etch-
ing profiles at the feature scale can be modeled numerically[138, 153, 125] using equations
4.6 and 4.7. Although considered for a primary current distribution, the model of West[154]
is mathematically identical to those cited above since in both cases Laplace's equation de-
scribes the relevant field. In all cited literature the feature to be etched has been defined
by a trench, or cavity, within an otherwise masked substrate. Those results demonstrated
that undercutting of the mask will occur with a degree of isotropicity dependent on time,
the mask geometry and flow conditions.
The Alkire models[138, 153] are focused on the influence of transverse flow over a rectan-
gular cavity and include a numerical calculation of the flow field for varying Peclet numbers.
With increasing flow rates. and hence Peclet number, the model predicts locally enhanced.
but less uniform, etch rates with the electrolyte flowing over a masked rectangular cavity.
However, as confirmed experimentally[153] at excessive Peclet numbers, the salt film neces-
sary to sustain transport limited etching may be washed away in high flow regions leading
to locally high etch rates which are not diffusion controlled.
Both the Madore and West solutions employ a moving boundary method where the
etching rate, equation 4.6, and Faraday's law, equation 4.3, give the local rate of bound-
ary recession. A modified concentration distribution for the adjusted boundaries is then
determined at each time step using equation 4.7. The model of Madore[125] for titanium
etching is notable in that it achieved good agreement with experiments performed in paral-
lel. Specifically both the predicted etch profiles and observed (total) current were found to
be in agreement with experimental measurements over time. The resultant profiles showed
that although initially relatively anisotropic, the degree of undercutting can be expected to
increase in time and approach an isotropic profile.
4.5.2 Model Formulation
A moving boundary routine has been developed to simulate electrochemical etching un-
der transport limited conditions for prescribed geometries and hydraulic boundary layers.
The method is similar to that of Madore[125] in that the surface profile and corresponding
modified concentration field are updated at each time step by assuming a quasi-static so-
lution to the concentration profile remains valid. Equations 4.20 through 4.22 govern the
problem. The code is limited to 2-D problems but can accept either cartesian planar coor-
dinates or cylindrical coordinates assuming an axi-symmetric problem. Unlike in the 1-D
approximations described earlier in this chapter, 6 in this case refers to a contour within
the simulation space prescribed to satisfy c6 = 0, as in equation 4.21. Similarly s refers to
the substrate profile at a given time step. while m refers to the mask surface where perpen-
dicular concentration contours are enforced. In equation 4.22, ds is a vector displacement
of the etched surface proportional to the flux of material leaving the surface, equation 4.5
and the simulation time step. The effective density., pefF, is equal to the density of the solid
material modified by the porosity, such that peff = p(l - #p), where #p is the material
porosity introduced in section 2.4.3.
V2 c = 0, (4.20)
c6 = 0
C8  Csat (4.21)
VnCm 0,
SDM
ds = -dt D VM c (4.22)
Peff
The general process employed to generate etch profiles has been summarized in Figure
4-14. The routine accepts an initial surface profile to be etched and a corresponding masking
geometry. This initial profile will typically be a flat surface but can also be, for example,
a partially etched structure to be further etched under altered masking conditions. The
substrate profile is described by an array of n coordinate nodes. An initial concentration
boundary curve, 6, is then prescribed such that equation 4.21 will be enforced in the con-
centration solver. Both a static and dynamic model for estimating this boundary curve have
been investigated here and they will be discussed in more detail below. Once the initial
problem is established, the concentration field is calculated using a MATLAB finite element
routine to solve equation 4.20. Here a triangular mesh is generated such that at least 1
element edge lies between each surface node. A sample mesh has been plotted in Figure
4-15 for an axisymmetric etch. The field gradient is then solved for each element within
the simulation space. The normal component of the gradient at the midpoint between each
surface node is approximated by an average over the gradients at each triangle with at least
one point touching the surface between nodes. Finally, the gradient at each node is taken
as the average of the values at adjacent midpoints.
Displacement vectors are then calculated using equation 4.22 and used to move the
substrate nodes. The resultant substrate profile is subjected to some conditioning before
proceeding to subsequent iterations. First, non physical nodes including crossed node points
and nodes which would lie outside the simulation space are identified and removed. A new
curve is then fit to the substrate profile such that the node points are redistributed at
uniform spacing along the profile. As the net length of the substrate profile may increase
significantly at later iterations. this procedure also allows for extra nodes to be added such
that the inter node spacing never strays far from that of the initial profile. If a prescribed
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Figure 4-14: Process flow used in a moving boundary code to predict etching profiles for
ILIS emitters assuming mass transport limited conditions.
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(a) Typical mesh generated using the MATLAB
pdetool mesh generator. The dark blue shaded re-
gion connected to the origin represents the photore-
sist mask.
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Figure 4-15: Example of the simulation mesh used during simulations. Although a more
dynamic boundary model was also used, this example was calculated using a flat simulation
boundary above the substrate.
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end condition (eg. etch depth, net mass removed etc...) has been met, the simulation ends.
Otherwise, a new concentration boundary is determined, depending on the boundary model
(see below) before beginning a new iteration. At each iteration, a new mesh is created to
reflect changes to the surface and concentration boundaries. The time step during masked
simulations has been scaled such that the substrate boundary is moved by 1 pm far from the
mask where a planar solution to the concentration problem remains a good approximation.
For simulations on sharp edges, such as when the etch has fully undercut the mask, the
time step is reduced by a factor of 10.
4.5.3 Model Verification
While similar to the simulation of Madore et. al.. this code differs in that a finite element
method is used to solve for the concentration profile. However; the quasi-static approach
remains identical. Before proceeding with the problem at hand, predicting emitter geome-
tries, this code was applied to reproduce the results of Madore for etching titanium trenches
as a means of verifying the code. As in the reference, a hemi-spherical boundary layer of
radius 2L was applied and remained fixed above a trench of width 2L during the simula-
tion. Sample results for a mask thickness to trench size, L, ratio of 0.14 are shown in Figure
4-16(a). In the figure, the time step was adjusted at each simulation step to maintain con-
sistency with the reference. However; this practice was not adopted in all other simulations
presented here where fixed time steps were used.
The comparison is particularly beneficial in that Madore also confirmed strong correla-
tions between their code and experiment ally etched profiles. Profiles generated using the
code developed in this research using the same conditions as Madore are shown in Figure
4-16(a). These profiles are in excellent agreement with those found in the reference. It is
interesting to note that at early times, the profile is characterized by enhanced etching near
the corners of the mask relative to the center of the substrate. This phenomenon has been
observed in experiments[125, 133] and has been suggested as a means for creating isolated
islands of material when etching a thin film[155]. At longer times a more isotropic etch
results. This shift from an-isotropic to isotropic etching can be quantified by an etch factor.
EF- defined as the ratio of etch depth to transverse etching distance (see equation 4.23 and
more discussion on this parameter below).
The calculated time dependent current is also in good agreement with the trend pre-
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(a) Etch profiles simulated with the code developed here for the same conditions as Iadore[125].
The reference used a boundary element method while this code uses a finite element routine.
Simulated Current While Etching a Titanium Trench
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(b) Current versus time (per unit length into the page) for a trench etch in titanium.
Figure 4-16: Reproductions of the results of Madore[125] generated using the code developed
here. Both the simulated profiles and predicted currents are in good agreement with the
reference.
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sented by Madore for a similar geometry. This is of particular note in that it highlights
the discrepancy between current decay due to the changes in the substrate profile and that
due to forming a boundary layer. Effects of the later, discussed in detail in section 4.4, are
not present here as transients are not considered in this simulation. The decay in current
shown in Figure 4-16(b) is then only due to the surface boundary relaxing to a state which
minimizes concentration gradients as time progresses. According to these simulations, this
relaxation dominates over the increasing active area.
4.5.4 Summary of Assumptions for Predicting Emitter Profiles
Applied to the current problem of estimating emitter shapes for porous ILIS arrays, many
assumptions have been made. Some of the important assumptions are noted here along
with a discussion of their impact on the applicability of the results.
" Surface machining : Applied to porous surfaces, the model assumes that etching
progresses at the surface only, with the rate across each pore approaching that for a
solid material, as discussed in section 4.3.
" Single emitter : The results assume a single isolated structure and do not take into
account interactions with neighboring emitters. This validity of this assumption is
therefore reduced at increasing packing densities.
" Quasi-steady state: At each time step, the time-independent diffusion equation (equa-
tion 4.7) is assumed valid within the boundary layer. The concentration profile is
varied in time only by the alterations to the boundary profiles at each step.
* Stagnant diffusion layer : The diffusion layer is assumed to be stagnant such that
equation 4.20 defines the concentration profile. Convection effects are lumped into
the estimation of 6. the boundary layer profile.
" Time independent diffusion layer : The problem is assumed to be instantly mass
transport limited such that a fully formed concentration boundary layer exists initially.
This assumption ignores the transient decay considered in section 4.4, limiting the
applicability to cases where the actual etch time far exceeds the decay time scale.
" Axisymmetric model : The linear motion of the etch station agitator used in this
research (see Chapter 6) could result in strong variations along the direction of paddle
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motion. However; as will be shown with the results in that chapter, at the feature
(emitter) length scale, this assumption appears to be adequate in practice when using
the final etch process.
" Stiff mask : The mask is presumed to remain stiff and fixed in position as the etch
progresses. This may not be valid for thin masks where as material is removed the
mask may curve due to flow, residual surface stresses etc... Similarly for very thick
masks (as have been used in some tests here) this assumption may no longer hold as
the structure becomes too fragile to support the mask.
" Far field behavior : The radial simulation extent was set to 5 times the mask radius
where a Neuman type boundary (zero radial gradient) has been enforced. This as-
sumption is analogous to assuming a planar electrode far from the emitter and could
lead inaccuracies when applied to arrays with high emitter densities.
4.5.5 Defining an Appropriate Boundary Layer
In the 1-D model of section 4.4 the boundary layer thickness 6 was sufficient to describe the
problem. However; when estimating profiles for ILIS emitter arrays the situation becomes
more complicated. An accurate model for the boundary would require a model of the com-
plex flow pattern around the emitters during fabrication. This pattern would depend on
both the shape of fabricated emitters and, at a larger scale, on the overall substrate dimen-
sions and distribution of emitters. Such a model has not been attempted here. Instead, two
alternatives have been considered and are demonstrated in Figures 4-17 and 4-18.
The first boundary model, Fig. 4-17, uses a static, planar simulation boundary at a
level much greater than the mask thickness. The moving substrate is taken into account
by globally scaling the gradients such that a constant etch rate is maintained far from the
feature.
As an alternative to this scaled boundary layer, a geometry dependent, boundary curve
has been generated using solutions to Laplace's equation. This technique is shown in Fig. 4-
18. Here, an arbitrary field 4)(r, z) has been solved for V 2 4 = 0 with D([r,, z,], [rm, Zm]) = 1
and @(r, A) = 0 where A is an arbitrary height much larger than the mask thickness. This
differs from the solution for c in that Dirichlet conditions are assigned on both the mask
and substrate for this initial calculation. The code then selects the value of P at large r and
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gradients to maintain a constant etch rate
Figure 4-17: Steps used for the relatively simple boundary approach. In step 1, the concen-
tration profiles are solved using a fixed boundary. In steps 2 and 3 the gradients are then
scaled uniformly to maintain a constant etch rate, as prescribed by the selected diffusion
layer thickness, 6, far from the structure.
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a height of 5 above the surface. The contour of <b through this point is then selected as the
new boundary layer for the subsequent calculation of c(r, z) using equations 4.20 through
4.21. Here the solution again assumes a planar electrode far from the mask; however unlike
the simple scaling approach it introduces greater dependence on the mask and emitter
geometry as the shape evolves.
As demonstrated in Figure 4-18(c) the moving boundary model leads to an effectively
larger boundary thickness, corresponding to reduced convection, under the mask than using
the simple scaling model (Figure 4-17(c)). In that regard it is a crude estimation for the
impact of the mask on flow hydraulics. However, this alternative scheme for predicting the
boundary profile should not be interpreted as an attempt to accurately predict the complex
flow description around the emitters during etching.
4.5.6 Results and Sensitivity to Mask Geometry
The script has been executed for a variety of mask geometries and effective boundary layers.
The following plots offer insight into the predicted trends. The profiles are presented as 2-D
profiles within the coordinate system introduced above. For simplicity the mask itself has
not been plotted below. In addition to the profiles themselves, the etch factor EF, has also
been calculated for select conditions. This metric, given by equation 4.23 below[122], has
been selected over an aspect ratio (height over diameter) since the tip diameter (2'rmin) is
intentionally driven to zero as etching progresses.
EF- h (4.23)
rmask - rmin
Before presenting the plots it is important to note that these profiles represent general
cases for given geometries and are not dependent on the electrochemical cell parameters cs,
M, D or pefF. This is so because in each case the time step has been adjusted to ensure
a fixed etch depth per time step far from the emitter. Thus. while the real time required
to achieve a given profile will depend on the physical conditions, the number of simulationi
steps remains fixed. For example. if a desired profile is reached after 20 time steps. the
predicted time to reach such a profile can be calculated by multiplying the time step for the
particular electrochemical conditions by 20 and will therefore differ for different materials
and effective densities.
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(a) Step 1: Solve Laplace's equation for an arbitrary field <b
using a planar boundary at 200 pn and Dirichlet conditions
on both the substrate and mask surfaces.
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(b) Step 2: Isolate a contour of <b passing through a point 6
above the substrate far from the emitter.
Moving Boundary Step 3 : Solve V2 c=0
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(c) Step 3: Solve Laplace's equation using the contour from
step 2 as a concentration boundary. Here a zero gradient Neu-
mann condition is restored on the mask.
Figure 4-18: Steps used to calculated the concentration fields using the moving boundary
approach. Here a profile which conforms to the surface is generated in steps 1 and 2 and
used as a boundary for solving the concentration field in step 3.
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Profiles Every 20 Time Steps with a Simple Boundary Layer
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(a) Simulated profiles every 20 time steps for a simple, static boundary layer.
Profiles Every 20 Time Steps with a Dynamic Boundary Layer
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(b) Simulated profiles every 20 time steps using the moving boundary layer approximation.
Figure 4-19: Simulated profiles every 20 times steps for the two boundary models with a
200 pm diameter, 15 pm thick mask. The two dashed lines on each figure are the predicted
profiles for maximum undercutting and for a 15 pm radius termination.
Comparing Profiles Predicted by the Static and Moving Boundary Definitions
Figures 4-19(a) and 4-19(b) demonstrate the evolution in time of emitter profiles predicted
for the two different boundary layer options considered here. In both cases, a 15 pm
thick, 200 pm diameter mask has been considered with 40 pm thick effective diffusion layer
thickness. In Fig. 4-19(a), the diffusion layer thickness only manifests as a scaling parameter
while in Fig. 4-19(b), the more dynamic boundary layer model introduced above has been
used.
In Figure 4-20 the calculated etch factors as a function of the far field etch depth (equal
to the emitter height) are plotted. Using the simple boundary model, the etch factor is
generally small, beginning nearly isotropic before reaching a maximum at moderate etch
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Figure 4-20: Comparing the etch factors predicted using the two boundary models consid-
ered here.
depths then decreasing again. Since the boundary thickness was only expressed by a scale
factor, the profiles of Figure 4-19(a) are representative of the predicted profiles for any
value of 6 given this mask geometry. Figure 4-21 below demonstrates the weak dependence
on. for example, mask thickness predicted by this type of boundary layer. This simplified
model is therefore very restrictive in terms of simulating variations in etch profile due to the
boundary conditions. In Chapter 6, section 6.7, we will see that the etch factor and emitter
profiles are more accurately simulated with the moving boundary layer model described
below.
Profiles Generated with the Moving Boundary Definition
The second, more dynamic. boundary description produces profiles which are significantly
more dependent on the geometrical conditions. In general this boundary results in signifi-
cantly larger etch factors compared with the static boundary model, as shown in Fig. 4-20.
The impacts of the diffusion layer thickness on the predicted shapes are explored in the
following plots. Figures 4-22 presents the profiles predicted at the point when the emitter
tip radius reaches 15 pm for different values of 6. Both plots consider a 200 pm diameter
mask which was set to 15 pm and 65 pm thick for Figs. 4-22(a) and 4-22(b) respectively.
In the figures, the boundary layer thickness has been stepped from 10 pm to 150 pm in 10
pm increments. Note that for both resist thicknesses with a thin, 10 pm thick, boundary
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Figure 4-21: Using the static/scaling boundary model, only a weak dependance on mask
thickness was observed.
layer the simulations predict a necking behavior. Experimental evidence of this type of
phenomenon has been observed and will be discussed in Chapter 6.
In Figure 4-23, the etch conditions were identical to Fig. 4-22 but the etch was allowed to
progress to a point where the tip radius approaches zero. This corresponds to the sharpest
emitter which can be fabricated before the mask falls off, assuming idealized support for
the mask itself.
The impact of inputs on the etch factor has also been explored. Figures 4-24 and 4-25,
show the etch factor as function of etch depth with varying diffusion layer thickness for 15
pum and 65 pm thick masks respectively. In the figures, the diffusion layer thickness has
been stepped from 20 to 100 pm in 20 pm increments. As in Fig. 4-20, the curves terminate
at a depth equivalent to the emitter height when rmin goes to zero. These results indicate
a trend for increased etch factor for decreasing diffusion layer thickness, 6.
Using this moving boundary definition, the mask thickness can also impact the etch
profile. This has been explored again using the etch factor as a metric in Figure 4-26. Here
a constant diffusion layer thickness of 40 jm has been enforced while mask thicknesses of
15, 30, 45 and 65 pm were input. For low etch depths, these results predict a transition to
larger etch factors, hence reduced undercutting, as the mask thickness is increased.
Figures 4-27(a) and 4-27(b) are an attempt to discern the more dominant trend between
mask and diffusion layer thicknesses parameters. Here the ratio of diffusion layer thickness
to mask thickness has been held constant at 4 : 3 for three curves and altered slightly to
16 : 13 in the fourth. These correspond to diffusion layer thicknesses of 20, 40, 60 and 80
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(a) Simulated profiles, terminating at 15 im radially, for a 15 pm thick, 200 pm diameter mask.
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(a) Simulated profiles, terminating at 0 pm radially, for a 15 pm thick, 200 pm diameter mask.
Predicted Profiles at rt p=Opm for Increasing 6 and a 65pm Thick Mask
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(b) Simulated profiles, terminating at 0 pm radially, for a 65 pm thick, 200 pm diameter mask.
Figure 4-23: Simulated profiles, terminating with when rmin ~ 0 pm for two mask thick-
nesses and varied diffusion layer thicknesses. The diffusion layer has been stepped from 10
to 150 pm in 10 pm increments.
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Figure 4-24: Predicted etch factors for a 15 pm thick, 200 pm diameter mask with diffusion
layer thicknesses from 20 to 100 pm in 20 pm increments.
Etch Factor for Varying 6 and a 65pm Thick Mask
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Figure 4-25: Predicted etch factors for a 65 pm thick, 200 pm diameter mask with diffusion
layer thicknesses from 20 to 100 pm in 20 pm increments.
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Figure 4-26: Predicted etch factors for a 200 pm diameter mask and a diffusion layer
thicknesses of 40 pm with mask thicknesses of 15, 30, 45 and 65 pm.
pm with mask thicknesses of 15, 30, 45 and 65 pm for the four curves respectively. The
selection of a 65 pIm mask over 60 pm (which would fit with the sequence) was done to
coincide with the experimentally tested masks thicknesses (15, 33 and 64 pm, see Chapter
6). The figures indicate the direction of increasing 3 beginning from the 3 =20 pm, 15 pm
thick mask case. These plots denionstrate that the diffusion layer thickness is the dominant
trend governing the etch.
The examples presented above have only considered a 200 pm diameter mask. However;
since the governing expression, equation 4.20, is linear the results can be geometrically scaled
to other conditions if all three geometrical inputs are scaled in constant proportion (3, mask
thickness and mask diameter). In Figure 4-28, the etch factor has been calculated for two
cases, first a 100 pim diameter, 15 pm thick mask with a 20 pm diffusion layer thickness.
Second, these parameters were doubled and the simulation was run again for a 200 pm
diameter, 30 pm thick mask and a 40 pm thick diffusion layer. When the etch factor (a
relative property) is plotted as a function of the height relative to the maximum height
in each case, the curves are in agreement. Some deviation at low heights may be due to
a decrease in accuracy for the 100 pm diameter etch where the time step scaling was not
adjusted and remained at a rate of 1 pm per step in the far field.
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Predicted Profiles for Constant 6 to Mask Thickness Ratio
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(a) Predicted profiles etching to 15 pm at the apex with a constant diffusion layer to mask thickness
ratio of 4:3.
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(b) Predicted etch factors etching to 15 pmW at the apex with a
constant diffusion layer to mask thickness ratio of 4:3.
Figure 4-27: Results for a constant diffusion layer to mask thickness ratio of 4:3.
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Figure 4-28: The results presented above are applicable to any mask diameter through
scaling the solutions. This is demonstrated here for a 100 pm diameter, 15 pum thick mask
etched with a 20 pm diffusion layer and a 200 pm diameter, 30 pm thick mask etched with
a 40 pm thick diffusion layer.
4.5.7 Discussion and Applications to Forming Porous Emitter Arrays
This simulation has provided insight into what may be expected when forming individual
emitters. However the high sensitivity to the effective boundary layer thickness. 6, combined
with the highly approximate method used to generate boundaries from this single metric
may limit the applicability of the model. Furthermore, the model does not predict the
behavior between emitters or at the edges of a substrate where the masked pattern may end.
However; the trends may still be insightful when considering the experimentally produced
structures in Chapter 6. Furthermore, these simulations give approximations to the emitter
geometries which can be used to predict the electric field distribution when used as an ILLS
emitter.
The various sample plots presented in the previous section offer insight into the trends
predicted by this model. Comparing the results achieved using the alternative boundary
definitions, it is clear that the moving boundary can have a significant impact on the etch
profiles. However; this significance is decreased for large diffusion layer thicknesses where
the two solutions become comparable, as seen comparing Figs. 4-20 and 4-24 where the
etch factor at large 6 approaches that predicted for the static boundary. This comparison
highlights how the moving boundary has provided an additional parameter which can be
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employed when attempting to match the experimentally etched shapes and etch times with
the simulation. Given a specified mask geometry (diameter and thickness), the only pa-
rameter which can be adjusted is the diffusion layer thickness. Using the moving boundary
solution, this thickness may be adjusted to yield final profiles which match experiments,
however; this does not guarantee that the simulation will also predict consistent etch times.
Instead, a combination of these definitions may be more suitable in attempting to predict
both time and etch shape such that the diffusion layer thickness is treated as simply a
shape modifying parameter and the entire solution scaling is adjusted to match the time
dependence. The magnitude of this correction will depend on how accurately this simple
moving boundary model matches the complex flow patterns around fabricated structures.
The achievable etch factor, or aspect ratio, can also be interpreted as a limit to the
density of emitters, of a targeted geometry, which can be fabricated using electrochemical
etching. Clearly the spacing between emitters of a certain geometry must be greater than
the mask diameter (assuming circular masks). Consider an isotropic etch such that the etch
factor is constant and equal to 1. Under these conditions, a 150 Pm tall emitter, as targeted
for field enhancement in the emitters fabricated here, would be achieved with a 300 pm
diameter mask and hence the array would be limited to >~ 300 pm spacings. The results
presented here suggest that higher etch factors may be possible, resulting in proportionally
tighter spacing. However; even for small diffusion layer thicknesses and thick masks. these
results predict etch factors no greater than ~ 2.5 at completion. Hence, a practical limit
on emitter density for 150 pm tall emitters using electrochemical etching may be reached
as the spacing approaches - 120 pm. Finally, since etching porous materials requires the
diffusion layer thickness to be much larger than the pore size. targeting high etch factors
by reducing the diffusion layer thickness may lead to pore damage and/or an ill defined
structure. Recall that we have selected 150 pm tall emitters for pores a few pm in size
given the arguments of section 2.4. Using other materials, smaller emitters could, of course,
be more tightly packed if deemed suitable for operation as ILIS given the pore size and
permeability.
4.5.8 Electrostatics and the Need for Secondary Etching
In Chapter 2, ~ 150 pm tall emitters terminated by ~ 15 pm rounded tips were, as an
example, motivated to be electrostatically suitable for achieving ion emission from porous
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materials. Using the simulations developed in this section. the field distribution for fab-
ricated emitters can now be predicted. In the discussion of emitter electrostatics the tip
radius was confirmed as a dominant parameter governing field strength and enhancement.
However; these simulations predict a range of tip geometries ranging from a fiat plateau
(under etched), a very sharp point or a dulled tip (over etched) depending on the etch time
for given conditions. The situation becomes more complicated when one considers the effect
on tip geometry due to a small perturbation in the diffusion layer thickness.
For a planar etch, equations 4.3, 4.5 and 4.6 reduce to equation 4.24; the etch depth
as a function of time is inversely proportional to the diffusion layer thickness. Here ( is a
proportionality constant.
Ah 1h= ( (4.24)
At a
Hence, for a small perturbation in the diffusion layer thickness such that a = 60 + a',
where 60 is a nominal case and a' is a perturbation, after etching for At seconds, the etch
depth Ah will be perturbed by h' given by equation 4.25. Here Ah = Aho + h'.
Ah o
Aho 
- (4.25)
h''
1+ - = 1 -
Aho 60
As an example, consider the three profiles plotted in Figure 4-29. Here the far field (pla-
nar) etch depths are ~ 170.9, 180.4 and 188.1 prm. These were generated for a 200 pr
diameter, 15 pm thick mask, with a 40 pm diffusion layer thickness. Taking the 180.4
pm deep etch, curve A2, as the nominal case and referring to equation 4.25, these three
etches represent approximations to the profiles that can be expected due to a diffusion layer
thickness perturbation equal to their percent change from the nominal case. Specifically.
curve Al at 170.9 pm, equates to a roughly 5 % increase in the diffusion layer, or 2 pm,
while curve A3 at 188.1 pm approximates a 4 %, or 1.5 pm, decrease in the diffusion layer.
Numerous sources for errors of this magnitude could exist, including flow and temperature
non uniformities across a wafer.
The discrepancies are highlighted by considering the electrostatic distribution for a
scenario as in section 2.4.2. Here the potential distribution for an electrostatic grid has
again been solved to determine the electric field magnitude along the emitter surface. As in
section 2.4.2, a 200 pm diameter, 50 pm thick grid positioned 100 pm above the emitters
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Figure 4-29: Single step etching example with a small variation in diffusion layer thickness.
has been used in simulating the electrostatic fields. The relative field strength and angle
relative to the central axis are plotted in Figure 4-30. The peak field strength is also listed,
in the form of a field enhancement compared with the far field (planar) solution. Ideally
the peak electric field would occur at the emitter tip (path length 0 in the plot), be axially
aligned (have a 0' angle) and drop off quickly preventing off axis spurious emission. This
configuration would support emission focused near the tip with low beam divergence angles.
Thus. in the figure. an ideal emitter is one where the peaks of the upper and lower plots
are spaced as far apart as possible. The figure demonstrates that the under etched, Al,
and nominal. A2. cases yield strong field enhancement but could result in highly divergent
beams as strong fields are expected on highly off axis surfaces. Meanwhile. the over etched
case features a peak field at low surface angle but the field enhancement is small due to
the reduced emitter height. Hence in practice, emission may be dominated by curves Al
and A2 due to strong electric fields but yield poor performance due to the highly divergent
beam expected.
This discussion also neglects the hydraulics of the resultant emitters. As discussed in
section 2.4.3, very sharp emitters, such as A2, may not support strong emission at the tip
due to the high flow impedance or an ill defined flow path as the pore and tip dimensions
become comparable. Similarly, depending on the selected pore geometry, the sharp edges
of curve Al may not yield emission sites (pores) at the peak field location.
Although a slightly over etched emitter could be suitable for ILIS emission from a
practical standpoint, this discussion demonstrates that an array of uniform emitters targeted
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Figure 4-30: Relative electric field strength and surface angle relative to the axis of sym-
metry as a function of distance along the surface from the apex.
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Figure 4-31: Simulated first step of a two step etch process. The etch has intentionally been
stopped with relatively large plateau radii.
to such a profile would be extremely difficult to achieve. As an alternative, a two step etching
method has been considered. Here an initial etch targeted to create under etched plateaus
with a moderate diameter can be performed before the mask is removed chemically and the
sample is etched again. This procedure is comparable to that performed by Tajmar et. al.
as a post processing step for porous tungsten liquid metal ion source thrusters[30], although
the overall geometries are significantly different. The benefits of this procedure are again
more clear with an example.
Consider the same etch conditions used above, but with the etching stopped at a nominal
case where the maximum depth is 162.4 pm leaving a 19 pm diameter plateau at the tip.
This case has been plotted in Figure 4-31 as curve B2 along with two more profiles again
corresponding, through equation 4.25. to a small deviation in the diffusion layer thickness.
Specifically. curve BI was terminated at a 152.8 pum depth while curve B3 was terminated
at 170.9 pm and is identical to curve Al of Fig. 4-29. Compared with the previous example,
these curves correspond to similar percent deviations in 3; 6 % larger and 5 % smaller for
curves B1 and B3 respectively.
These curves have then been input to the code but without a masked region. A secondary
etch was then simulated such that a far field etch depth of 2 pm was approximated in each
case, see below for a discussion of the challenges inherent in implementing such an etch.
The resultant profiles are plotted in Figure 4-32. The secondary etch has favored the sharp
edges of the plateaus leading to rounded tips with minimal impact on the shape far from
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Figure 4-32: Simulated second step of a two step etch process. The etch has intentionally
been stopped and then etched again with the mask removed in between.
the tip. Simulated 3-D plots of the resultant profiles from both processes are also presented
in Figure 4-33.
The electrostatic distributions for this two step etching process have been simulated as in
the single step process above yielding Figure 4-34. Again, the plots present the variation in
field relative to the peak field for that structure while also indicating the field enhancement
over the planar solution. In this case, curves B2 and B3 feature strong fields close to the
emitter tip and at much lower surface angles compared with curves Al and A2 above. Curve
B1, derived from the largest diameter plateau, may be less desirable as the peak field is
reached farther from the tip and at slightly larger surface angles. However; note that in
this case the more ideal curves, B2 and B3 feature significantly stronger field enhancement
than curve B1. Thus, unlike the scenario above where curve A3 resulted in an axial peak
field but very low field enhancement, on a wafer scale emission from more ideal tips could
dominate if a two step etch process is used. Finally, the broadened electric field peaks may
be more accommodating to configurations where the distribution of allowable emission sites
is finite (for example a relatively large pore structure).
Given these examples it appears that emitters formed using a two step process may
yield better performance across a wafer, particularly by increasing robustness to variations
in the etch conditions. However; referring to the discussion in section 4.4, smooth short
etches may be inherently difficult to achieve, particularly on porous materials. There it was
motivated that etch times larger than ~ 0.5 T would be required to fully form a diffusion
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Figure 4-33: Simulated 3D visualizations of predicted emitter shapes using one and two
step etch process with a roughly 5 % variation in diffusion layer thickness.
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Figure 4-34: Relative electric field strength and surface angle relative to the axis of sym-
metry as a function of distance along the surface from the apex.
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layer. For 6 ~ 40-60 pT and a diffusivity of 6.6 x 10-6 Cm2/s, this corresponds to ~ 1.2-2.7
seconds. Meanwhile, using Faraday's law, equation 4.3, etching 2 pm of solid nickel with
an effective valence of 2 and Csat ~ 4.8 M/L[130] through a planar configuration would
require at least 3.8 to 5.7 seconds over the same range of diffusion layer thicknesses. Because
the current is significantly higher during the transient phase, these values are a significant
over approximation. Therefore, in practice, the secondary etch step simulations may not
be valid in that they were assumed to occur for an initially fully formed diffusion layer,
ignoring the transient phase. Applied to porous material, the situation may be more dire
in that significant etching within the surface pores may occur during the transient phase.
In this research, an attempt has been made to overcome this challenge through additives
to the electrolyte (see section 4.1.4). This process and its results applied to forming arrays
of porous ILIS will be demonstrated in Chapter 6.
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Chapter 5
Design of a Demonstration
Thruster Array
The electrochemical method described in the previous chapter has been integrated into a
design for a complete thruster developed in collaboration with colleagues within the MIT
Micro Technologies Laboratory (MTL) and the Space Propulsion Laboratory (SPL). This
chapter summarizes the design goals and the overall fabrication process developed by the
group.
5.1 Target Performance
An array of 480 emitters spaced, 450 pi apart has been targeted within a 12.2 x 12.2
x 2 mm package. Given the previous emission tests using porous emitters, wetted with
EMI-BF 4, by Legge where beams of more than 1 ptA of current and ~ 0.1 pN of thrust
per emitter were measured, the arrays here were targeted to approach ~ 500 pA of total
emitted beam current and thrusts up to ~ 50 pN. The corresponding thrust density, ~ 0.3
N/rm2 , would therefore begin to approach that available from gridded ion engines[10] while
confining the source and feed system to a very small and modular device. In practice, a
number of modules (at least two for charge neutrality) would be operated at any given time
on a spacecraft. As was discussed in Chapter 1, a controlled set of these thrusters could
provide sufficient thrust to achieve both simple orbital manoeuvres and attitude control.
Given the results in section 2.4.2, for planar emitters over -150 pm tall. the field
strength for a - 15 pm radius tip, as used by Legge for porous emitters, is similar to that
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for an infinite paraboloid. Hence for emitters with similar tip radii, this design was targeted
to operate at applied potentials comparable to those used by Legge (- 1-3 kV). However;
the relatively small grid orifices and separation distances, see section 5.5 below, along with
larger pores, see section 5.4, could lead to somewhat lower starting potentials compared
with Legge. For an ion beam produced at ~1 kV, composed of equal parts monomer and
dimer ion species the equivalent specific impulse would be ~ 3000 s and 2200 s for EMI-BF 4
and EMI-Im respectively.
5.2 Thruster Package Overview
Electrostatic grid emitter array
2.3 mm
Liquid trap 12.2mm
Propellant Electrical
feed port
Figure 5-1: The complete thruster package includes a silicon frame, the porous emitter
array and an electrostatic grid. This first generation design includes a shallow liquid trap,
a 4 mm diameter propellant feed port and two small 0.7 mm electrical ports.
The complete thruster package is shown schematically in Figure 5-1. A porous nickel
emitter array has been bonded to a silicon frame using epoxy. A single electrostatic grid
has been bonded, again using epoxy, to the silicon frame such that it is aligned with the
emitters below. The 4 mm diameter hole at the center of the frame allows ionic liquid to be
added to the substrate, an external propellant tank (not used here) could alternatively be
coupled through this port. Two 1.2 mm diameter electrical ports have also been included
in this design. However; in practice for this research since no external propellant tank has
been used, electrical contact was made using the larger central orifice. A small liquid trap,
0.7 mm wide, bounds the base of the frame. This trap was intended to prevent any excess
propellant from reaching the extracting grid. Both the substrate to frame and frame to grid
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Figure 5-2: An overall fabrication process for aligned, arrays of porous ILIS featuring elec-
trochemical etching of a bulk porous substrate.
epoxies were electrically insulating (see details below) while 1 pm of silicon oxide was also
grown on the frame to enhance electrical isolation.
Once assembled, the empty mass was roughly 0.7 + 0.1 g varying with the grid material
type and dimensions along with the amount of epoxy used in bonding. The porous nickel
wafer, discussed below, allowed for - 35-40 pL of propellant to be stored within the device,
varying with the emitter geometries and epoxy technique.
5.3 Overall Fabrication Process
Electrochemical etching under diffusion control will be used to effect surface micromachin-
ing of a bulk porous metal substrate through a dry film polymer mask. The electrochemical
etching process has been integrated into an overall process for the thruster package, includ-
ing aligned extractor grids, shown schematically in Figure 5-2. This procedure has been
developed in tandem with Hanginq Li of the MIT Microsystems Technologies Laboratory
(MTL) [156]. All silicon processing has been performed by Dr. Li within MTL. Here an ox-
idized silicon frame houses a bulk porous sample from the beginning of the processes. Dry
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Figure 5-3: An example of the typical alignment accuracy achieved using this process during
this research. Alignment has been made to markings on the silicon frame during both the
array lithography and grid bonding steps, yielding 10's of pm alignment. In this image a
solid emitter is shown.
fihn photoresist is applied to the surface and patterned using photolithography, see sec-
tion 6.2.1. Alignment of the mask pattern during lithography is performed with reference
to alignment marks on the frame, removing any dependance on the initial position of the
porous metal within the frame. The entire sample is then inserted into an electrochemical
etching station where, even for electrolytes which may electrochemically react with the sil-
icon frame, unwanted reactions can be avoided by isolating electrical contact to the porous
metal sample.
Finally, after etching and cleaning the array, an electrostatic grid can be bonded to
the package. Here the alignment is performed using the same alignment marks, located
on the silicon frame, used when masking the porous metal. Under this scheme the overall
alignment uncertainty can be reduced to that inherent with the equipment used during the
lithography and bonding steps (10's of pm to date). Figure 5-3 is a typical example of
acceptable alignment, achieved using the alignment marks shown. This example used a
solid emitter array to test the alignment technique.
Figure 5-4 contains sample photographs of the empty silicon frame, a frame including
an etched porous emitter array and a complete package. The alignment markings shown
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Figure 5-4: Examples of an empty silicon frame, highlighting the small alignment marks, a
package after etching the emitter array and a completed device.
are matched with similar features on the electrostatic grids.
5.3.1 Available Epoxies and Application Technique for Porous Materials
Three epoxies have been used successfully for the two epoxy bonding points, between the
frame and porous sample and between the frame and grids. The process of selecting suitable
epoxies and determining an application method has been done in collaboration with Pablo
Diaz Gomez-Macqueo of the Space Propulsion Laboratory. Some details of the epoxy re-
quirements, along with the final process used to apply epoxy to porous samples are discussed
here.
The silicon frame to porous metal bond must satisfy several requirements. First, this
epoxy must be chemically compatible with the variety of solutions used throughout both the
etching and cleaning processes. Specifically, as detailed in the next section. the cured bond
was exposed to sodium hydroxide (IN), hydrochloric acid (2N), nickel chloride (- 3M),
sodium carbonate (~ 1%), acetone, methanol, isopropanol and both EMI-Im and EMI-BF 4
ionic liquids. The bond was heated to over 115 0 after curing during the masking process
(section 6.2.1). Electrically, the oxide coating described above was intended to insulate the
bond from the, possibly, charged frame. However; good electrical insulation was nevertheless
desirable for redundancy. Finally, all epoxies were required to have minimal outgassing
rates such that continued operation in vacuum would not degrade the bond. Two products
supplied by Epoxy Technologies, Billerica MA, were identified to meet these requirements.
Specifically, a combination of EPO-TEK 377 and H72 epoxies have been used. Both epoxies
meet NASA's low outgassing standards[157] and have a specified resistivity greater than
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EPO-TEK 377 EPO-TEK 377 EPO-TEK H72
EPO-TEK H72
" _ e Break weak
Place porous metal and cure bond Re-place porous metal and cure
(150*C/ 1 hour) (150*C / 1 hour)
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Epoxy soaks into pores
Figure 5-5: The bond between the porous sample and the silicon frame, made before etching,
was done with two epoxies. The first epoxy was allowed to penetrate the pores and cure.
The second, more viscous, epoxy formed the final bond and a roughly 75 Pm gap between
the metal and silicon frame.
1013 Qcm.
The two part bond process, outlined in Figure 5-5, was developed after extremely poor
yields were achieved with these, and several other, epoxies when used in a single step.
Specifically, relatively viscous epoxies were desirable to minimize the amount of epoxy
wicked into the porous media before the epoxy was sufficiently cured to harden. However;
the majority of the epoxies tested tended to transition through a relatively low viscosity
phase when heated but not fully cured. This resulted in, typically, weak bonds and poorly
cured epoxies even with numerous attempts at refining the curing schedule. In the final
process, small drops of the low viscosity 377 epoxy were allowed to wet the porous metal
at points in line with the frame bond pads. After 1 hour at 150" C, this epoxy did cure,
although completely within the pores. However; this then provided a patch of clogged
pores such that the relatively high viscosity H72 epoxy could be used to make the final
bond. The combined samples were then heated for another hour at 1500 C to complete
the curing process. During this final cure, a microscope slide was placed on top of the
samples to promote a flat surface, this was, of course, not particularly accurate and should
be updated if future work continues with this process. If properly cured the bond showed
good resistance to the listed chemicals.
The silicon frame to electrostatic grid bond was extremely problematic, these issues are
discussed in section 7.4. The original design intended to use the H72 epoxy listed above.
However; the most successful arrangement, detailed in that section, used a viscous, single
component, epoxy resin supplied by Epoxies Etc. of Cranston RI. Specifically, type 10-3784
epoxy resin was used and cured for 1 hour at 1500 C on a hot plate. In all tested cases, the
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grid to silicon frame gap was controlled using thin sheets of kapton or teflon tape to form
temporary spacers. These spacers were removed after curing prior to any testing.
5.4 Porous Material
MIT1714 2011/01/13 11:10 L x400 200 um MIT1716 2011/01/13 11:12 L x3,Ok 30 um
Figure 5-6: SEM images of the porous nickel material used to fabricated emitter arrays
within the overall process of Fig. 5-2.
Porous nickel has been supplied by Chand Eisenmann Metallurgical of Burlington, CT.
The material has been sintered using nickel powders produced using a nickel-carbonyl pro-
cess. The supplied specifications for the material were 0.05 micron grade with a relative
density of 65 %. However; direct measurements of the material volume and mass suggest
the density may be closer to 55 %. Figure 5-6 shows an example of the initial material as
supplied from the manufacturer before processing. Once nickel was identified as a suitable
material for the electrochemical process (section 6.3), selection of this particular material
was largely based on commercial availability and cost. The apparent pores are quite large
compared with the porous tungsten used previously (section 2.2.3), with void spaces reach-
ing roughly 5 pm in some cases. As motivated in section 2.4, changes to the porosity,
and therefore permeability, may impact the performance compared with previously tested
tungsten emitters. For example, an increased pore size could lead to reduced starting po-
tentials as discussed in section 2.4.1. Finally, the relatively large pores, compared with the
targeted tip radii, were expected to yield emitters which could no longer be considered as a
continuum at the tips. Instead the pore structure could have a significant influence on the
final topography for electrostatics and the ultimate beam emission characteristics (angle.
133
intensity). Despite these possible concerns; this material was found to be sufficient to both
demonstrate the fabrication scheme (Chapter 6) and achieve electrospray emission (Chapter
7).
5.4.1 Emitter Lithography Masks
+ 4-
t ~450 um
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Figure 5-7: An example (outline) of the photolithography masks used to pattern porous
metal housed within the silicon package described above.
Figure 5-7 shows an example of the masks used in patterning porous nickel for fabricating
the emitter arrays. The features around the perimeter of the mask are the alignment marks,
used to maintain alignment between the emitters and the package regardless of the physical
position of the porous metal substrate.
The simulation results in section 4.5 predicted etch factors between r- 1.5 and 2.5 de-
pending on the prescribed conditions. Two mask diameters expected to yield emitters
greater than 150 ,um tall have been used during development of the fabrication process, 150
and 200 ~lm. The final process used to create successfully operated emitters used a pattern
of 200 pum diameter masks.
134
Figure 5-8: Photograph of a stainless steel, laser cut grid. These grids were very thin but
inherently wavy, leading to uneven tip to emitter heights.
5.5 Electrostatic Grids
Two types of grids were available: the microfabricated, gold coated silicon grids shown in
the designed process flow, Fig. 5-2, and laser cut stainless steel grids. The final silicon grids
used here were approximately 100 pm thick, at the orifices, and grid diameters of both 250
and 300 pm were available. The stainless steel grids featured 300 pm diameter orifices and
were roughly 90 pm thick. The latter grids were used successfully in a relaxed package,
explained in section 7.5, intended to demonstrate the array capabilities while avoiding some
electrical isolation issues with the complete package (see section 7.4.1). An example of this
type of grid is shown in Figure 5-8 demonstrating that they were inherently not flat. As
such, these grids required a support structure, discussed in section 7.5.
5.5.1 Grid Orifice Sizing
Lozano[36] measured the spreading angles from externally wetted ILIS and found typical
beam angles, 6B of roughly 15-20'. However; in porous ILIS, where multiple emission sites
could occur, the location of the emission site should also be considered. In section 4.5.6,
the simulated surface fields after etching revealed that surfaces with electric fields close to
the maximum case may be titled by up to - 35 0 off the central axis even after secondary
etching. Hence the net beam, consisting of several beamlets (see Fig. 5-9), could have non
negligible intensities at angles up to ~ 550 (Net OB in the figure). For emitters without
secondary etching, significant portions of the beam at even higher divergence angles would
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Figure 5-9: Schematic showing the key geometric factors considered when sizing and posi-
tioning the electrostatic grids.
be expected.
All tests presented in chapter 7 used grids with 300 pm orifices (although some attempts
with 250 pm grids have been made). Typical tip to orifice distances, dtg, were ~ 150 pm.
For 100 pm thick grids, the tip to outer grid surface angle was roughly 30' while the angle
to the inner (emitter side) surface was roughly 450. Hence, some beam interception was
possible. However, increasing the grid orifice size also decreases the peak electric field (at
the emission site) for a given applied potential, while reducing the grid thickness could lead
to structural issues (see below). Despite this concern, the testing presented in Chapter 7
found that with secondary etching this design could achieve good transmission, with only a
few percent of the total beam current intercepted by the grid for one sample device (section
7.5.3).
5.5.2 Grid Deflection due to the Electrostatic Field
At these length scales the electrostatic stress on the grid, due to the applied fields, could
become sufficient to deflect, or even fracture, the grids. For a distributed loaded P on a
rigidly clamped square plate with side lengths a, Timoshenko[158), gives equations 5.1 and
5.2 for the maximum plate deflection (at the center) and stress (at the edges) respectively.
Here Wmax is the plate deflection at the center, Y is Young's modulus, t. is the plate
thickness, Dplate is the plate modulus, vp is the Poission ratio and a-max is the maximum
stress at the edge of the plate.
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Two failure modes should be considered. First, the maximum stress should not exceed
the fracture stress for the plate material. Second, for large deflections the plate may become
dynamically unstable, a condition known as electrostatic pull-in. As shown by Senturia[96],
for an electrostatic problem with a linear relationship between applied load and deflection
(as in this case), pull-in occurs when Wmax ~ 2/3d g, where d,g is the grid to substrate
separation.
Thin grid thicknesses were desirable to reduce the interception angles discussed above.
Estimates for the critical thickness at which either fracture or pull-in can be considered
for the two available grid materials. Assuming the electric field over the majority of grid
surfaces to be roughly V/ds8 g, the applied load can be calculated as P ~ co/2(V/d .9)2.
Typical emitters fabricated here were taller than 150 pm and roughly 150 pm from the grid
orifices such that d,-. ~ 300pm. Typical operating potentials are less than 2 kV. The
square, thin portion of the grids has side lengths of a = 10.5 mm.
The material properties of silicon depend on the crystal orientation with respect to the
load direction, but for the purposes of this estimate a Young's modulus of ~ 145 GPa and
Poisson ratio of ~ 0.3[96] are typical. Silicon may fracture when stress levels exceed ~ 5
MPa[159]. Using these values, the grids may fracture for thicknesses, t., less than - 35
pm, while pull-in could occur for t9 less than - 10 pm. Similarly for stainless steel using
Young's modulus of 190 GPa and a yield strength of 200 MPa, the limiting thicknesses are
9.5 and 5.7 pm for pull-in and deformation respectively. Hence for the 100 Pm thick grids
used here, these effects should be avoided for both materials.
These simple calculations have ignored the perforated nature of the grids and have
assumed they are rigidly supported at the edges. As future iterations move to higher
emitter densities and thinner grids, more detailed calculations should be made. In addition,
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for the testing in section 7.5, using a partially assembled version of this design, the stainless
grids were only supported at the corners. However; no pull-in was observed.
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Chapter 6
Experimental Development of an
Electrochemical Technique for
Porous Emitter Array Fabrication
The intentions of this chapter are to both present the results of the process used to fab-
ricate the porous nickel emitter arrays tested in this research (Chapter 7) and to provide
insight into the evolution of that process, which may be helpful in applying the technique
to alternative metals and porosities in the future. The etching tool and masking techniques
used while exploring mass transport controlled electrochemical etching are described first.
Subsequently a series of simplified experiments are presented. These experiments had two
goals; first to establish appropriate cell potentials and electrolyte conditions for transport
limited etching on porous nickel and second to verify that the tool developed here can
modify mass transport rates through variable agitation rates. The remaining bulk of this
chapter is devoted to establishing conditions for fabricating uniform porous emitter arrays,
suitable for ILIS operation, within the silicon mount described in the previous chapter.
6.1 Electrochemical Etching Tool
As described in Chapter 4 an appropriate tool is crucial when performing electrochemical
microfabrication under transport controlled conditions. It was indicated in that section that
a paddle agitator would be suitable for etching emitters. Specifically a cathodic paddle has
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been selected in order to simultaneously achieve both a close proximity counter electrode
(to minimize Ohmic losses) and agitation near the surface. Agitation provides directional
control that can not be achieved through, for example, temperature variations. Enforcing
forced convection has been used to normalize the transport properties across samples, which
would otherwise be dictated by local conditions and geometry (for example, products etched
from the edges of an activated sample could diffuse more freely than from the center without
forced convection).
The paddle design here has been used to impart desirable hydraulic and electrostatic
conditions simultaneously. The paddle motion is inherently periodic and the gap between
itself and the sample has been small. The resulting regime of dissolution could be some-
where between two extremes depending on the specific sample and paddle configuration.
In the case of a primary current distribution not far from the paddle, it could be used,
as was done by Datta(132), to impart highly localized, high current, etching. Here the
region immediately below the paddle is favorably etched while its motion simultaneously
dictates the hydraulics of the problem. In this case, for any fixed position on the sample
being etched. the paddle motion could be modeled. to a first approximation, by a pulsing
problem, similar to that of section 6.4.4, so long as mass transport continues to dominate
the process directly below the paddle. In the alternative extreme, where the overpotential
for the reaction is primarily localized near the metal surface, the potential drop through
the electrolyte may be small, equivalent to a secondary current distribution around the
paddle. In this case, the paddle motion could be thought of as simply a mechanism for
periodically enhancing mass transport. In either case. for sufficiently high dissolution rates
such that mass transport limits the reaction rate, the conditions at a given position may be
well described by an average diffusion layer thickness. However; the active area would only
approach the complete electrode area if operation is near the second extreme.
The design outlined below was developed without prior knowledge as to which regime
(or somewhere in between) would be optimal. Therefore; in some respects, flexibility to
expand and modify the system has been favored over accuracy for a particular operation.
The follow sections provide an overview of the device
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Figure 6-1: Schematic overview of the etch station constructed during this research. A
potentiostat was incorporated into this setup for some preliminary tests but is not shown
here.
6.1.1 Etching Station Overview
The etching station consists of 4 key components, shown schematically in Figure 6-1. The
sample is held by a vacuum chuck which doubles as liquid bath for the selected electrolyte.
The cathodic agitator is positioned using a three axis stage controlled using a computer
interface. Simultaneously, the electrical conditions are controlled by the computer through
a data acquisition system used to drive and monitor an amplifier. More details on each
component are described below.
Three Axis Gantry Style Stage
Three Newmark Systems linear eTrack stages are configured to provide. x. y and z motion
via computer controlled motor controllers, using an RS232 interface. The vertical (z) and
transverse (y) axes are driven by relatively high resolution (0.04 pm), low speed (up to
40 mm/s) stages while the primary (x) axis uses a lower resolution (0.24 pum) high speed
(up to 220 mm/s) stage for agitating the electrolyte. Figure 6-2(a) shows a CAD drawing
of the completed stage. The stages have been mounted to a structure made from 80/20
Inc. modular framing components mounted to a 20 x 40 inch optical plate. Teflon friction
bearings, available from 80/20 Inc. and designed to straddle the frame, were used on
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(a) CAD drawing of the etching station built for (b) Schematic of the vacuum chuck connections
electrochemically etching emitter arrays in this re- for a porous sample. The (copper) conducting
search. tape is required to achieve electrical contact with-
out breaking the vacuum seal.
Figure 6-2: Drawings of the etching station used here, the wafer chuck doubled as a bath
for holding the electrolyte solutions.
the vertical axis. Although the moving parts are protected by thin teflon sheets during
operation, the stages must be cleaned, using simple detergents, and lubricated using a
chemically resistant lubricant, after each etch session (or every few days if under heavy
use). Failure to do so will result in damage to the stages.
The total planar travel range, roughly 12 by 12 inches has been selected to accommodate
future upgrades to the station, such as 6 inch wafer level processing. The vertical component
has a maximum travel distance of approximately 100 mm and must be operated at slow
speeds to prevent slipping due to the relatively high weight of the planar stages.
Power Supply and Feedback
A Kepco BOP 36-12M, 400 W bipolar amplifier supplies the etching current and is driven
by a National Instruments NI-DAQ USB 6229 data acquisition board. The Kepco supply
can be operated in current or voltage control configurations driven by an analog signal
from the NI-DAQ board. The amplifier can provide up to t 36 V and ± 12 A. Analog
monitoring lines from the power supply are read back by the NI-DAQ allowing for realtime
feedback of the cell current and voltage.
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Vacuum Wafer Chuck
The wafer chuck holds samples to be etched in place, provides electrical contact and serves
as a bath for the electrolyte during etches. Figure 6-2(b) shows, schematically, how the
vacuum seal and electrical contacts are achieved in this design. A small Venturi type
vacuum pump, driven by the building air lines, provides suction which both secures the
sample and compresses a small conducting spring, or wire, making electrical contact to the
sample. When etching samples within the silicon frame described in Chapter 5, a layer of
conducting tape has been used to maintain electrical contact without breaking vacuum, as
shown in the figure.
The vessel used here measured 124 by 78 mm, was 40 mm deep and consists of teflon
walls secured to a polyethylene base covered in Viton rubber. The Viton sheet also serves
as a gasket for the vacuum seal. During all tests 150 mL of the selected electrolyte was
poured into the vessel after securing the sample.
Etch Control Software
A LabView script controls and monitors the electrical conditions while simultaneously con-
trolling the paddle position and motion. Sequences of consecutive processes can be loaded
into a stack and can proceed continuously. This feature is beneficial when etching within
transport controlled conditions where initial transients can occur over long periods. By
preparing a sequence in advance, the conditions can be modified, significantly or slightly, in
quick succession. These sequences can be saved and reloaded for future use or to be tailored
by a user to achieve a particular goal.
Etching can be set to occur for a fixed amount of time, or alternatively, a set mass of
material to be removed can be prescribed. In the later case, the software integrates the
cell current and calculates an estimate for the mass removed, using equation 6.1, where the
reaction valence, z, molar mass, M. and etch efficiency, 0, depend on the material being
etched.
Am = M Idt (6.1)
zF.
As discussed at the end of this chapter, significant uncertainties would be expected in
etching to a certain mass, primarily due to etching at the edges of arrays, however; in
practice this etch stop has been typically more reliable than simple prescribing a time.
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6.1.2 Height Calibration
A small control box permits the anode and cathode connections to be simultaneously
switched over to a sensing circuit on the data acquisition system, as shown in Fig. 6-1.
This allows for contact calibration of the sample height whereby the stage, with a conduct-
ing protrusion (usually the paddle) is lowered slowly to a dummy sample of known height
until it makes contact. When contact is made it is detected and passed on to the control
software which stops the paddle motion and notes the calibrated height. The paddle can
then be raised slightly from this new reference point and moved laterally aside such that the
dummy and working sample can be exchanged. The desired electrolyte is then be added and
the paddle is positioned over the working sample for etching. This method has significantly
increased the accuracy in paddle to cathode gaps during experiments but was not installed
until the experiments beginning in section 6.4.2. Previously the height was input from the
home position (with the paddle fully raised) and was prone to near mm level accumulated
errors due to slipping as the stage descended through 10's of mm. In the future, full au-
tomation could be achieved by replacing the manual switch by a relay controlled through
the data acquisition board.
6.1.3 Paddle Designs
Top View Motion Axis W
All paddles
Side Views w - = 36.5 mm
Type 1 Type 2 Type 3
L = 37mm L,= 37mm
15.8mm 25.7mm
Motion Axis
L= 6mm
4mm
Figure 6-3: Schematic views of the three paddle designs used during this research.
The paddle agitators mounted within the etch station have generally been wedges. This
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design was first selected with the intention of achieving localized etching directly below
the paddle. However; as discussed in the initial results section below this may have been
the case in practice. The wedge design was also desirable as a means for inducing both
perpendicular and parallel flow towards the material surface. Three shapes have been tested
here, shown schematically in Figure 6-3. The type 1 paddle was used during preliminary
experiments and initial tests on solid wafers, while only type 2 and type 3 paddles were used
when etching porous samples. The transition from a type 1 to a type 2 paddle was made
based on numerous concerns. including low cathode area. recirculating flows and the poor
resilience to damage/bending. Details concerning the motivations for changing paddles are
provided within the results sections below. In general the evolution of these designs has been
developed qualitatively from experimental results. The paddles were not designed using any
quantitative analysis. Explorations of the performance sensitivity to paddle geometry are
highly recommended. Figure 6-4 is a photograph of a type 1 paddle etching a solid nickel
array. In all cases the paddles were 36.5 mm wide (as shown in the inset) and were made
from stainless steel sheets 0.3 mm thick.
Figure 6-4: Photograph of a type 1 paddle etching a solid nickel sample within hydrochloric
acid.
6.1.4 Recommended Expansion to Wafer Level Processing
As stated above the etch station developed here was designed to accommodate future up-
grades for wafer level processing. Specifically the total travel of the tool head could allow
for wafers up to 12" in size. This would require constructing a new wafer chuck/bath to be
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coupled with the existing vacuum pump and electrical connections. Wafer level processing
could be accomplished relatively easily after optimizing an etch process at the die level
due to the selective nature of electrochemical etching. Specifically, using a multiplexer, the
control software could select each die mounted on a wafer and position the paddle above
that region. Using this technique wafer level alignment and packaging could be achieved,
possibly leading to more efficient fabrication of these sources. Due to the significant amount
of material removed when etching in bulk, the system may also need to be upgraded with
a method for maintaining fresh electrolyte.
6.1.5 Additional Equipment
SEM Images have, unless noted otherwise, been obtained using the MIT Space Propulsion
Laboratory, Hitachi TM-1000 tabletop SEM. Two imaging modes are used here and are
shown in Figure 6-5, where an image has been repeated in each mode. As shown in the figure,
the topographical mode, intended to highlight elevation changes, is useful when imaging
porous materials as it highlights the structure contours while softening the appearance of
the pores themselves. This benefit comes at the expense of some sense for the feature
topography when viewing structures at an angle.
Standard Mode Topographical Mode
MIT1899 2011/01/31 13.44 L x40 2mm MIT1900 2011/01/31 13:45 LT x40 2mm
Figure 6-5: The Hitachi TM-1000 was used in two modes, in the 'topographical' mode,
the contours of porous structures can be seen more clearly at the expense of the pores
themselves.
Potentiostatic scans have been made using a Princeton Applied Research VersaStat 3F
potentiostat. The potentiostat maintains an input potential between the working sample
and a reference electrode by controlling the current between the working sample and an aux-
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iliary electrode (such as the paddle). This device was used whenever possible to measure
reaction rates with cell voltages measured with respect to a platinum reference electrode.
However; the device output could not exceed 300 mA, limiting its applicability to simpli-
fied samples rather than complete arrays. The specific setup used in those experiments is
described in section 6.3.
6.2 Sample Preparation
This section describes the preparation of the simplified test electrodes used in section 6.3
and the nickel arrays etched in section 6.4. The resists which have been used, and the
corresponding masking procedures, are detailed along with the cleaning procedure used on
most samples.
6.2.1 Masking Procedures
As identified in the review of techniques presented in 3.3, dry film photo resists are well
suited for masking porous materials. Three dry resists have been used in this research.
In all cases, lamination has been done by hand due to the lack of specialized equipment
suitable for masking the size of samples used here. Table 6.1 contains details of the resists
and lithography procedures used during this study. These instructions reflect the best
conditions for obtaining good yields on the samples studied here. Specifically. these settings
assume 1 mm thick nickel samples and, in the case of the MP525 and FX515 resists, are
tailored to 1 x 1 cm samples bonded within the silicon packages described in section 5.3.
Significant alterations to the lamination instructions may be required for different materials
or packages but these conditions should serve as a good starting point. The MP513 resist
was primarily used on solid samples. The listed recipe was tailored to those samples but was
also used to successfully pattern porous samples on a few occasions. The resists typically
have a lifetime of roughly 6 months and quickly degraded once expired. Due to the large
minimum order sizes (thousands of square feet), the resists were tested and ordered in the
sequence (left to right) shown in the table. Unfortunately this prevented direct comparisons
between samples as the entire process evolved along with the available resists. Figure 6-6
shows examples of masks created using the very (64 pm) thick MP525 and the relatively
thin (15 ptm) FX515 resists.
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Table 6.1: Dry film resist properties and recommended conditions for laminating 1 mm
thick nickel samples mounted in Silicon frames.
Resist MP513" MP525 FX515
Manufacturer / Brand MacDermid Aquamer MacDermid Aquamer DuPont Riston
Thickness 33 pm / 1.3mils 64pum / 25mils 15pm / 0.6mils
Lamination Temperature 110 0C 115 0C 115 0C
Lamination Time (s) 120s 90s 80s
Pressure Time (s) 60s 60s 60s
Exposure Time (s) 30s 15s 95s
Developer Concentration (Na 2 CO 3 ) 2% W/V 1% W/V 1% W/V
Developer Volume 200mL 200mL 250mL
Developer Stirring - 300-400rpm 300-400rpm
Developer Temperatureb 75 0C 80 0C 50 0 C
Develop Time ~120s 105-135s 25s
DI Rinse Spray / Dunk - / 15s ~10s / 5s 10s / 5s
Drying Ni spray Ni spray Ni spray
"Available MP513 was a sample stock which was past its expiry date upon delivery.
primarily used on solid nickel samples.
bListed temperatures are set points on a hotplate and were not measured directly.
(a) SEM image of the, very thick, MP525 resist
after patterning to create 150 pm diameter masks
on porous nickel.
The resist was
(b) SEM image of the FX515 resist after pattern-
ing to create 200 pm diameter masks on porous
nickel.
Figure 6-6: Examples of the dry film photo resists used to mask porous nickel samples.
148
..........
Before lamination, the samples, set on a microscope slide, were heated to the listed
temperature. They were then removed, quickly (but gently), laminated and then returned,
face up, to the hot plate. Lamination consisted of simply smoothing the resist over the
sample using a cotton applicator to provide gentle pressure for a few seconds until the resist
was smooth and visually uniform. Pressure was continually applied with the applicator,
for the time listed in the table, but with a thin microscope slide positioned on top of the
sample. This assisted in distributing the applied pressure. Samples laminated without
some applied pressure were often characterized by non uniformities across the sample which
became apparent after developing. Other, more consistent, methods for applying pressure
during lamination were explored but did not yield any improvements. For example, placing
a known weight on the sample aided in ensuring a uniform force but the large thermal sink
appeared to be more detrimental compared with the manual method described above.
Photolithography has been performed using a Karl Suss MJB3 mask aligner located
within the exploratory materials laboratory (EML) at the MIT Micro Technologies Labo-
ratory. All dry film samples were developed within aqueous Na 2CO 3 at the listed concen-
trations. These solutions were mixed from solid Na 2CO 3 first dissolved in water to form a
10 % W/V concentrated solution before finally being diluted immediately prior to use dur-
ing each lithography session. The listed temperatures reflect the plate settings. the actual
temperature of the solution was not monitored.
For a small set of solid nickel samples, the experiments in section 6.3.2 below, a spin on
resist was used instead of the dry film. Here a 10 pum thick layer Shipley 1813 resist was
applied using a spin coater. The samples were soft baked on hotplates for 50 s at 70'C
followed by 45 s at 900C. Lithography was performed using the aligner described above
with a 90 s exposure followed by development through immersion in MF-319 developer for
50 s. Finally, the samples were hard baked at 90 00 in an oven for 30 minutes.
6.2.2 Cleaning Procedure
The samples were cleaned using a solvent procedure before masking and after etching,
including between the first and second etch steps detailed below. Step 0, using sodium
hydroxide, was used to dissolve the dry film resists and was only performed after etching
masked samples. After cleaning the samples were either processed, or tested, immediately
or stored in a nitrogen desiccator at ~ 20 % relative humidity.
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* Step 0 : 30 minutes ultrasonic cleaning in IN sodium hydroxide
" Step 1 30 minutes ultrasonic cleaning in acetone
" Step 2 30 minutes ultrasonic cleaning in methanol
" Step 3 30 minutes ultrasonic cleaning in isopropanol
* Step 4: 30-60 minutes drying on a hotplate at 800 C
6.3 Exploration of Electrochemical Etching
Several experiments on simplified substrate geometries were performed to explore and iden-
tify suitable etching conditions for forming emitter arrays on porous metals. First, an
appropriate electrolyte demonstrating a clear limiting current plateau has been identified
for both nickel and titanium etching. Further experiments were aimed at estimating the
thickness of the diffusion layer and at experimenting with its dependence on the enforced
hydrodynamic conditions using solid nickel samples.
6.3.1 Experimental Configuration
These experiments used samples as shown in Figure 6-7 to explore electrochemical reaction
rates using the available potentiostat (described above). The solid samples were masked
with either the MP513 or Shipley 1813 resists. For the former, dry film resist, the mask
revealed a 15 mm long, 0.5 mm wide strip of nickel. While using the spin on resist a strip
10 mm long and 0.75 mm wide was exposed. The exposed area was hence 0.075 cm 2 for
all tests. The edges of the sample were sealed with kapton tape, not shown in the figure,
to prevent any activation of those surfaces. By limiting the active area, current densities
up to 4 A/cm 2 over the entire surface could be achieved with the potentiostat. As will
be shown later in this chapter, current densities of this order were often observed when
etching complete arrays. A long strip was selected in order to capture the effects of the
paddle motion in a manner comparable to etching emitter arrays. In lieu of a more standard
reference electrode (see Bockris[119] for examples) a simple platinum wire was selected such
that it could be placed along the exposed region. This was done to provide a measurement
of the potential within the electrolyte near the activated surface in the event the cathodic
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Figure 6-7: Schematic of the simple electrodes, and associated connections to the potentio-
stat, used during these initial experiments. The exposed area was 0.075 cm 2 for all tests.
paddle selectively etched the surface directly below its position. The sample was held, and
electrically contacted, using the vacuum chuck vessel described in section 6.1.1.
The potentiostat has been operated in both potentiodynamic (sweeping potential) and
potentiostatic (constant potential) configurations. During potentiodynamic scans a rate has
been selected which attempts to seek a tradeoff between the time required for transients to
settle and the changing active area due to evolution of the electrode itself.
6.3.2 Electrolyte Selection : Achieving Mass Transport Control
Potentiodynamic sweeps for both nickel and titanium samples have been performed using
test samples patterned with the Shipley 1813 resist within the apparatus described. Sample
results are presented in Figure 6-8 for nickel. For all cases the potential was ramped at
100 mV/s from 0 to 4 V beginning with a new sample for each scan. The data has been
plotted versus the respective open circuit potential (for a platinum reference electrode).
At low voltages, all samples were characterized by a low but fast rising current. However;
at increasing potentials both the HS0 4 and HNO 3 cells quickly passivated while the HCl
system continued to rise until a clear plateau was established at roughly 1 V beyond the
open circuit potential. As the potential was increased further, violent reactions with visible
gas evolution were observed for all electrolytes. During these tests a type 2 paddle was
used. The paddle to electrode gap was roughly 1-2 mm with the paddle oscillating to ± 10
mm about the center of the sample at 50 mm/s.
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Potentiodynamic Sweeps for Nickel and Three Electrolytes
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Figure 6-8: Potentiodynamic sweeps for three electrolytes at the indicated concentrations
with nickel samples. The H2SO 4 and HNO 3 solutions passivated the nickel surface while
the HCl solution demonstrates a wide limiting current plateau.
The magnitude of the current density plateau observed for 2N HCl can be compared
with the approximate values of section 4.1.3. There for a rectangular flow cell current den-
sities on the order of 1-4 A/cm 2 were expected depending on the diffusion layer thickness
and saturation concentration. The total electrode area in this case was 0.075 cm 2, how-
ever; the active area at any given time may differ significantly. As proposed in the tool
description above, the active area may range from a value comparable to the paddle width
to the complete electrode area. If the former case, the active area could be as much as an
order of magnitude less than the total depending on the paddle size, position and electro-
statics. It will be motivated below that the situation approached the later condition, within
the complete area activated. Under those conditions, the plateau with HCl in the figure
corresponds to roughly 1.5 A/cm2
Earlier tests used non acidic solutions, such as aqueous LiCl and NaCl. These were
abandoned as, even for small samples, the etch products quickly saturated and precipitated
throughout the solution. Using these solutions for the relatively large amounts of material
removed here would likely require a constant supply of fresh electrolyte which would com-
plicate the overall process. Given these results, 2N HCl has been selected for nickel etching
in this research.
A similar experiment has been performed using titanium samples. These data are pre-
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sented in Figure 6-9 for systems of aqueous 2N HCl, aqueous IN H2SO4 and 10% V/V (-
1.9 M/L) H2SO4 in methanol. A clear plateau was observed using H2SO4 in methanol.
However; using HCl, the current appeared to be transpassive in that the current decayed
after initially climbing but then continued to rise at moderate levels. The plateau mag-
nitude observed using H2SO4 in methanol was in agreement with those of Piotrowski et.
al[160] who avoided passivation of titanium samples in aqueous solutions by using methanol
as a solvent as opposed to water. However; the strong oscillations at low potentials warrants
further discussion.
Potentiodynamic Sweeps for Titanium and Three Electrolytes
40 1 1 1 1 1
--- 2M H2So4 Methanol
35 - INH2SO4
30- 2N HCI
< 25-
E
E 20-
3 15-
10
5
0.,0 1 2 3 4 5 6 7 8 9 10
Potential Vs. Pt (V)
Figure 6-9: Potentiodynamic sweeps for three electrolytes at the indicated concentrations
with titanium samples. The aqueous H2SO 4 and HCl solutions passivated the surface while
the H2SO 4 in methanol demonstrates a wide limiting current plateau.
The measured current of Figure 6-9 has been plotted again in Figure 6-10 as a function
of time focusing on the high oscillation region. These high magnitude oscillations have a
frequency of approximately 2.3-2.5 Hz while the paddle motion prescribed (50 mm/s over
20 mm) would yield time dependent variations at 2.5 Hz. This strong correlation suggests
that for titanium etching at moderate potentials, the etch rate was far more dependant on
paddle position than when etching nickel in aqueous HCl. This trait suggests that at low
potentials, the dissolution was of the primary kind, governed by the potential distribution
over the cell at a given time. The data of figure 6-10 are consistent with a cell passing
through a primary current regime before becoming limited by mass transport over the entire
sample such that the dependence on potential distribution, and hence paddle position, is
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reduced, and eventually becoming secondary. Similar, but lower amplitude, oscillations
were observed for titanium etching in aqueous HCl near the current peak.
High Amplitude Oscillations During Titanium Etching in H2S04 Methanol
4u -
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Figure 6-10: High magnitude oscillations during Titanium etching.
6.3.3 Visual Confirmation of Mass Transport Limited Conditions
MIT0696 2010/06/25 13:43 T x600 100 um MIT0695 2010/06/25 13:42 T x600 100 um
(a) An SEM image, in topographical mode, of a (b) An SEM image, in topographical mode, of a
piece of solid nickel before etching. piece of solid nickel after etching.
Figure 6-11: Etching below and above the transport limit on solid nickel samples.
Figure 6-11 shows topographical images taken before and after etching a solid sample
at settings with the current plateau observed in Fig. 6-8 for nickel etching in HCl. After
etching, Fig. 6-11(b), the sample is locally smooth with only slight imperfections remaining
compared with those visible before etching, Fig. 6-11(a). As stated in the review, section
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4.2, smooth etching is a characteristic of etching under mass transport control these images
are therefore further confirmation that transport limited etching was achieved.
MIT1511 2010/12/02 17:54 x600 100 um
Figure 6-12: Titanium etching under mass transport limited conditions. The left portion of
the figure was masked while the right side was etched. The simple kapton tape mask was
poorly bonded, resulting in significant non-uniformities.
Similarly, the image in Figure 6-12 was achieved when etching titanium through a simple
kapton tape mask at 10 volts in H2SO4 methanol, under the same hydrodynamic conditions
as Fig. 6-9. Again, smooth surfaces are achieved on the etched surface, although the kapton
mask was poorly bonded resulting in large scale non uniformities along the trench edges.
6.3.4 Applied Cell Potential
An important practical note, identified in section 6.1, is that due to the high currents
expected when etching emitter arrays, the available potentiostat was not used. Instead
fixed voltages were set between the working electrodes only. It was therefore important to
compensate for the additional potential required to sustain the cathodic reaction.
Figure 6-13 demonstrates this shift for a 0.075 cm 2 strip sample with a potential scan
rate of 50 mV/s from 0 to 6V measured with respect to the indicated electrodes. Here a
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Plateau Shift Due to Cathodic Reactions
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Figure 6-13: Shift in potential due to cathodic reactions when measuring the anode potential
against the cathode rather than against a platinum reference.
type 1 paddle was positioned ~ 1.5 mm above the sample and agitated at 150 mm/s over i
10 mm. The data demonstrate a shift of roughly 0.5 V when enforcing a potential between
the cathode (auxiliary) and anode instead of enforcing a reference potential with respect to
the anode. This experiment represents a single, low current example. When etching arrays
at much larger currents the shift might increase depending on the cathode geometry and
surface conditions. Given these experiments a point to the far right of the shifted curve, 3.5
V, was selected as an initial set point for the array etching experiments in the next section,
where ensuring transport limited etching across the entire sample was desirable.
6.3.5 Influence of Cell Geometry and Hydraulics
The preceding experiments verified that a wide limiting current plateau could be identified
using nickel etched in 2N HCl. In section 4.1.3 it was stipulated that under these conditions
the reaction rate (or equivalently the current) should be controlled by hydraulic conditions.
This has been investigated in Figure 6-14. Here a strip sample was etched with the paddle
roughly 6 mm above the sample. The potential was swept at 100 mV/s from 0 to 4 Volts
while varying the paddle speed from 25 to 150 mm/s as indicated in the figure.
In Chapter 4, section 4.1.3 two correlations were introduced for predicting variations
in the diffusion layer thickness at varied hydraulic conditions within a rectangular flow
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Nickel Polarization Curves at Indicated Paddle Speeds in 2N HCI
2~
0.5 1 1.5 2 2.5 3
Voltage Vs. Pt Open Circuit
3.5 4 4.5
Figure 6-14: Potentiodynamic sweeps with the paddle motion set to oscillate at the indicated
speeds. As agitation, and hence transport, is increased the limiting current plateau rises.
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Figure 6-15: Average limiting currents with increasing velocities. A linear fit has been made
given the Sherwood number relations for rectangular flow cells described in section 4.1.3.
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channel. Although this configuration. an oscillating paddle cell, differs significantly from
a simple flow channel, the data in Fig. 6-14 can be compared with the trends predicted
for those conditions using the paddle speed as a characteristic velocity. Specifically both
correlations, equations 4.9 and 4.11, predict the Sherwood number will increase with the
Reynolds number, and hence velocity, to the 1/3 power. The data of Fig. 6-14 along with
repeated scans at 25, 75 and 100 mm/s have been plotted against the paddle velocity to
the 1/3 power in Figure 6-15. Here the average current has been taken between 1.5 and 2.5
V, with the error bars indicating the standard deviation within that band. A least squares
fit to the data has also been plotted. The correlation is poor. particularly due to the scan
at 150 mm/s where high currents and current oscillations were observed and the small data
set. Nevertheless, these data confirm that increasing agitation can effectively increase the
amplitude of the limiting current potential within a nickel, 2 N HCl cell.
Potentiostatic Measurements
In addition to the potentiodynamic sweeps above, where a current density plateau can be
observed as evidence of transport control, potentiostatic methods can also be employed.
Here a fixed potential. relative to the platinum reference electrode, within the plateau of
figure 6-8 for HCl can be set and the current observed over time using the potentiostat. Un-
der ideal conditions of constant area and a planar electrode, these data would be described
by the model introduced in section 4.4 for mass transport time scales that far exceed the
double layer charging time. Specifically for an initially clean surface with no reactant prod-
ucts in the solution, the measured current evolution in time can be compared with equation
4.17. Figure 6-16 shows two examples of such data along with a curve fit using the 1-d
model. The limiting current has been approximated from the average current between the
15 and 25 second marks in each plot, where the current was relatively stable. Normalizing
the curve as shown removes a dependence on the unknown saturation concentration and
active area (so long as the area remains constant). With an estimate for the Ni 2+ diffusivity,
6.6 x 10-6 cm 2 /s. a least squares fit to the measured data produces an estimate for the
diffusion layer thicknesses.
In Fig. 6-16(a), a type 1 paddle roughly 1 mm above the sample was oscillated at 50
mm/s while in Fig. 6-16(b), a type 2 paddle at approximately the same height was also
oscillated at 50 mm/s. The enforced potential was 2.5 V in both cases. The fits yield
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(a) Potentiostatic scan with a type 1 paddle oscillat- (b) Potentiostatic scan with a type 2 paddle oscillat-
ing at 50 mm/s roughly 1 mm above a strip sample. ing at 65 mm/s roughly 1 mm above a strip sample.
Figure 6-16: Potentiostatic scans within 2N HCl using solid nickel strip samples.
estimates of 136 and 131 pm diffusion layer thicknesses for the two cases respectively.
These estimates are higher than the values predicted using correlations for rectangular
flow channels in section 4.1.3. However; a number of factors contribute to the uncertainty in
the estimate made here. Specifically, although much wider than the photo resist thickness.
the area of the sample cannot be assumed constant over the time period considered, which
would lead to an increase in measured current for all other conditions constant. Conversely,
referring to the simulation results of section 4.5.6. for etching within a trench, significant
current decay was expected to occur due to the shape evolving to one which minimized
concentration gradients.
The samples used here, patterned with MP513 had a resist thickness to trench half width
ratio of ~ 0.13, compared with 0.14 for the the trench simulations presented previously.
However; estimated diffusion layer thicknesses here range from ~ 50 Pm predicted by the
Sherwood number correlations in section 4.1.3 to ~ 135 im using the potentiostatic fits
shown here. These correspond to boundary layer to transport layer thickness ratios from ~
1.5 to 4.5, significantly less than in the trench simulations where the fixed boundary radius
was set at 14 times the resist thickness. Hence, in these experiments the assumption of a
constant hemi-spherical boundary may not be valid and more detailed simulations would
be required to estimate the current evolution in time due to shape evolution.
For this research, a planar experiment cannot be expected to yield identical hydrody-
namic conditions to the patterned porous samples etched later. Therefore; this estimated
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Potentiostatic Trace with a Type 2 Paddle @ 65 mm/sPotentiostatic Trace with a Type 1 Paddle @ 50 mm/s
diffusion layer thickness is sufficient in that, along with previous correlations, it strongly
suggests that the tool developed here can support transport limited conditions with diffu-
sion layers several 10's of ptm thick. If more accurate measurements were desired for this
type of geometry, it would be imperative to de-convolve the competing time scales predicted
by the 1-D transient model and quasi-steady numerical simulations.
6.3.6 Conclusions and Discussion Based on Preliminary Experiments
The relatively stable currents observed in Fig. 6-13, at low velocities in Fig. 6-14 and
particularly during the potentiostic scans above do not show any correlation between paddle
position and current. Recall that during these tests the exposed sample was 15 mm long
while the paddle traveled over a 20 mm distance. Hence for a portion of each cycle the
paddle was not positioned above the exposed region. This suggests that, for nickel and
the conditions shown, the paddle description favors the second extreme discussed in section
6.1.3. Specifically these conditions may not result in highly localized dissolution only below
the paddle. One possible exception to this observation was the 150 mm/s case in Fig.
6-14. During titanium etching, high amplitude oscillations were initially apparent at a
frequency equal to that of the paddle displacement but these oscillations appear to be
quickly suppressed under mass transport control.
This observation suggests that. at least to a significant degree, the complete exposed
area was activated during these scans. As discussed above, in so far as the diffusion layer
thickness can be kept constant on average this operating state should not prevent the
tool from being applied to etching arrays. Under this assumption, the limiting plateaus
in Fig. 6-14, can then be used to estimate a range of effective diffusion layer thickness
over the sample as a function of velocity. Using the same estimates for diffusivity and the
saturation concentration as in section 4.1.3 (6.6 x 10-6 Cm 2/s and 4.8 M/L respectively),
these plateaus correspond to diffusion layer thicknesses from 110 to 35 pm, decreasing with
increasing velocity.
Given the results of this section, a paddle velocity of 50 mm/s over ± 10 mm with
the sample potential of 3.5 V within 2N HCl was selected as an initial set point for elec-
trochemical etching arrays of emitters for ILIS thrusters. These tests are presented in the
next section, beginning with initial tests using solid nickel.
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6.4 Microfabricated Emitter Arrays
The techniques developed in the previous section have been applied to fabricating porous
ILIS emitter arrays as desired for the thruster design presented in Chapter 5. In this section,
arrays etched on solid nickel will be presented first followed by examples of etching on porous
material, leading to the final process used to developed the arrays tested for emission.
6.4.1 Etching on Solid Nickel
Solid nickel was used to establish a baseline from which to build the porous metal process.
These experiments used the MP513 Aquamer resist on both isolated samples and squares
mounted within the thruster package described in Chapter 5. In all cases a type 1 paddle
was used and the photo mask diameter for the resist masks was 150 pm. Although many
samples beyond those shown here were attempted, this discussion focuses on samples which
particularly advanced the process. All samples were cleaned prior to and after etching;
however many of the images shown here are taken before the final cleaning step to highlight
accumulations of residue and the condition of the mask after etching. It should be noted
that prior to placing the samples in the SEM they were lightly rinsed in de-ionized (DI)
water to prevent corrosion within the microscope.
Figure 6-17 is typical of a 10 x 10 mm patterned solid nickel sample etched alone,
without the silicon package, under DC conditions and with low speed paddle agitation.
Here with the paddle oscillating to ± 7.5 mm at 50 mm/s significant variations across the
wafer are evident in a direction parallel to the paddle motion. At the center of the sample
some structures were formed with highly symmetric and smooth features, as in Figure 6-
17(b). These features have dimensions similar to those desired (> 150 pm, with - 15 pm
tip radii). This sample was etched for 150 s with 3.5 V applied between the sample and
cathodic paddle based on the results of Fig. 6-13.
Given that some qualitatively desirable structures were fabricated, as in Figure 6-17(b),
subsequent efforts focused on obtaining enhanced pattern scale uniformity. These included
very low frequency (0.07 Hz, 15 s period), high duty cycle (75 %) trials which showed very
little improvement over the sample shown in Figure 6-17. Much larger 20 x 20 mm samples
were also tested to determine if flow non uniformities could be eliminated by moving the
sample edges far from the patterned region. For these samples the central 10 x 10 mm
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(a) Wafer level non uniformities in a direction parallel to the paddle mo-
tion. Here the paddle was roughly 1 mm from the sample and agitated
at 50 mm/s.
(b) SEM image of a structure
in the adjacent figure.
Figure 6-17:
paddle.
formed at the center of the array shown
Sample of etching a solid nickel sample with low agitation using a type 1
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Figure 6-18: Examples of features etched on large, 20 x 20 mm samples with the center 10
x 10 mm patterned and the remaining area exposed.
of the sample was patterned with the standard 150 pm diameter masks leaving 5 mm of
additional material around all edges. At the same paddle speed and approximate separation
as above this technique succeeded in increasing uniformity. However, the etch rate was
greatly decreased as shown in Figure 6-18(a) where the same conditions as in Fig. 6-17(a)
were maintained for 180 seconds but the etch was far from complete. The measured current
was typically ~ 3.5 A using 10 x 10 mm samples and 4.5 A for the 20 x 20 mm samples.
Hence the current density (for a completely activated sample) decreased from 3.5 to 1.1
A/cm 2 between the samples. In Figs. 6-18(a,b), residues are clearly visible stuck to the
remaining masks. However; it is not clear if this was due to the mask degrading or etch
products precipitating from the solution. Another feature of these etches were the small
irregularities visible in Fig 6-18(b), particularly for short duration etches. Figures 6-18(c)
and 6-18(d) were achieved with the etch potential raised to 4.2 V to compensate for the
increase in overall measured current. Figure 6-18(d) shows a typical portion of Fig. 6-18(c)
at increased zoom. Rather than result in smooth etching, this potential induced surface
roughening which may indicate a transition to the oxygen evolution regime to the far right
of Fig. 6-8.
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These preliminary etches demonstrated a how a variety of etch qualities can result
depending on the prescribed conditions. While varying the sample size increased uniformity
to some degree both attempts reinforced the dominant role of the mass transport conditions
on etch quality. One of the major proposed benefits of electrochemical etching is the ability
to etch samples selectively, within a package, compatible with the proposed overall process
of section 5.3. Clearly the package itself can be expected to influence the fluid motion
induced by an oscillating paddle above, hence all further experiments were performed using
samples mounted in the silicon frame.
A set of arrays was then etched with solid nickel mounted to the silicon thruster package
(see Fig. 5-1). Here, the paddle agitation rate was found to have a dominant impact on
both the pattern scale uniformity and the feature (emitter) scale. In Figure 6-19 SEM
images for three samples etched at increasing velocity are shown. In all three cases the etch
potential was set to 3.5 V. This potential was applied in pulses, but at very large periods
and duty cycles. 20 seconds on and 5 seconds off. The paddle to sample gap was roughly
1.5 mm, while the paddle oscillated over t 10 mm at the indicated velocities.
Figure 6-20 shows an SEM image taken near the edge of the upper sample in Fig. 6-
19. The highlighted regions, observed on other samples under similar conditions, appear
to indicate regions of enhanced mass transport leading to local increases in the etch rate.
Furthermore. under these agitation conditions, the space between structures is character-
istically uneven with spacial variations in etch depth at length scales comparable to the
structure spacing. Compared with the lower image of Fig. 6-19, these non uniformities are
absent at increased agitation rates.
At the pattern, or wafer, scale the uniformity was seen to increase dramatically from
65 mm/s to 75 mm/s paddle motion. The image on the left of Fig. 6-21, etched at
65 mm/s is similar to Fig. 6-17(a) in that the etch rate again varied across the sample
with enhanced etching at the sample edges compared with the center. Again, this non-
uniformity coincided with the direction of paddle motion. With increased agitation the
sample uniformity increased significantly, although some over etched regions are present at
the bottom of Fig. 6-21(b).
In section 4.5 the expected variations due to small ~ 5 % variations in the diffusion
layer thickness were considered. Two examples of local non uniformity are shown in Figure
6-22. Figure 6-22(a) is an SEM image at the center of an array etched at 50 mm/s. The
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Figure 6-19: Solid nickel arrays etched with increasing velocity. The samples have not been
cleaned to highlight the accumulated residue in each case.
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MIT0628 2010/05/30 17:15 x80 1 mm
Figure 6-20: An example of possible regions of enhanced etching due to flow patterns around
the etched features on solid samples.
MIT0635 2010/05/30 21:58 x30 2mm MIT0641 2010/05/30 22:33 x30 2mm
(a) SEM image for a solid array fabricated in the (b) SEM image for a solid array fabricated in the
silicon package with a paddle speed of 65 mm/s. silicon package with a paddle speed of 75 mm/s.
Figure 6-21: Samples demonstrating an increase in uniformity and less etch residues at
increased agitation rates.
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MIT0593 2010/05/26 20:07 x180 500 um
(a) SEM image of solid emitters showing a high de-
gree of non uniformity between adjacent emitters.
MIT0658 2010/05/30 23:57 x150 500 uM
(b) SEM image of solid emitters demonstrating non
uniformities similar to that predicted in Chapter 4.
Figure 6-22: Examples of the local non uniformities experienced when etching solid arrays..
discrepancies between adjacent structures are very large. While the large scale variations in
Figs. 6-17(a) and Fig. 6-21(a) may be explained by enhanced transport near the edges of the
samples, these variations are much more localized. Figure 6-22(b) presents an SEM image
of emitters near the center of the 75 mm/s etched sample shown above. In this case the
variations resemble those predicted numerically for small variations in the diffusion layer.
These images show that, in addition to enforcing more uniform transport hydraulically,
slightly higher paddle rates may also yield enhanced local stability.
Summary of Observations from Solid Array Etching
These experiments demonstrated that structures similar to those predicted in section 4.5 can
be formed. The etch quality was found to be highly dependent on the agitation conditions.
At low agitation rates pattern scale non uniformities and feature scale irregularities are
prominent. Increasing the agitation rate was shown to lead to enhanced pattern scale
uniformity. However; both the increased etch rate and decreased average boundary layer
thickness may hinder control and accuracy for etches targeting specific emitter heights or tip
radii. Further; recall that in the preliminary experiments above, the effective diffusion layer
thickness was estimated to decrease to as low as 35 pm for 150 mm/s paddle oscillations.
When etching the ~ 45 % porosity porous nickel used here, with pores and particle sizes
several pm in size, high agitation rates may begin to prevent pore level smoothing and
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surface micromachining.
Increasing the potential such that operation outside of the measured current limiting
plateau resulted in reasonable pattern scale uniformity but surface roughening at the feature
(emitter) scale. On porous structures this could lead to in pore etching.
These results again enforced the dominance of hydraulic conditions on the etch rate
and uniformity (at all scales). This prompted two significant design changes to the etching
station prior to proceeding to experiments with porous arrays. First, the type 2 paddle
shown in Fig. 6-3, was installed to enhance the cathode surface area (due to the large
observed currents). Second, the height calibration scheme described in section 6.1.2 was
installed. This reduced the uncertainty in paddle to electrode gap by roughly an order of
magnitude, from up to 1 mm to approximately 100 pm (measured using shims). With,
effectively, a new parameter to vary, initial tests with porous material included exploring
how the paddle to sample gap would impact etch quality.
6.4.2 Constant Voltage Etching on Porous Nickel:
65 im. Thick, 150 pm Diameter Masks
Initial tests on porous metal using the MP513 mask were plagued by poor resist quality.
The MP525 resist was acquired as an alternative and, initially, produced moderate yields
during the lithography steps. The results presented in this section used this resist patterned
to create 150 im diameter masks.
As described above, prior to these experiments, the etch station was upgraded to include
a more accurate method for setting the sample to paddle height. The impact of this metric
on etch rate and uniformity was explored using a set of 7 patterned samples. All etches
were performed at 4.2 V with the type 2 paddle set to oscillate between ± 10 mm over
the sample at 75 mm/s. Using this paddle no obvious signs of, or problems due to, gas
evolution were observed even at 4.2 V. Figure 6-23 presents the measured current over time
for the different sample to paddle heights used here. As these were masked samples with
highly variablc geometries over time as the etch progresses, a final stable limiting current
was not expected in any case. Nevertheless it is interesting to compare the relative currents
after the dominant initial transients. Figure 6-24 plots the average current for the period
from 40 to 60 seconds as a function of the paddle to sample gap to the -1/3 power. Recall
in chapter 4, the variation in diffusion layer thickness for a rectangular flow channel was
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Measured Etch Current with the Indicated Paddle to Sample Gaps
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Figure 6-23: Measured currents over time, at fixed potentials (4.2 V) and paddle motion
(75 mm/s over 15 mm) at the indicated electrode gaps.
expected to vary like the height to the 1/3 power. For all other properties constant, the
measured current should vary with the the inverse of diffusion layer thickness. Hence. the
linear relationship between current and electrode gap to the -1/3 power shown in Figure
6-24 appears consistent with the correlation, despite the significant differences between this
arrangement and a rectangular flow channel.
The simulation results presented in section 4.5, predicted an increase in emitter aspect
ratio with decreasing boundary layer thickness, and hence electrode gap. In Figure 6-25
and 6-26, SEM images for emitter arrays etched using gaps of 0.25, 0.5 and 1.0 mm are
presented as an example. In each case the net mass removed was calculated to be within ~
3 % of 63 mg. The images include the remnants of the photoresist mask as it is interesting
to consider the impact of the mask itself on the etch.
Although a limited data set, some observations are evident from the images. For smaller
electrode gaps, many sharp structures on the order of the desired - 150 pm height were
produced, although significant non-uniformities were present across the wafers. For a large
electrode gap, Figs. 6-25(c) and the far right of Fig. 6-26, very shallow structures are
present. However, the mask appears to have separated from the structures at very large
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Average Current from 40 to 60s with Variable Gaps
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Figure 6-24: Average current after initial transients plotted versus the electrode gap to
the -1/3 power. Although a paddle agitator was used, the linear (r=0.981) relationship
agrees with the empirical correlations for a rectangular flow cell, equation 4.11, under mass
transport control.
emitter tip diameters. Figures 6-25(c) and 6-26 are representative of the behavior observed
during two other attempts at large gaps (1.0 and 2.0 mm) with all other hydraulic conditions
constant. For both the 0.25 and 0.5 mm gaps, instances of the mask bending the structure
were observed. Hence although tall structures were observed for smaller electrode gaps
(smaller diffusion layers)., problems with the mask prevented any rigorous comparisons with
respect to the numerical simulations.
While pockets of well formed porous structures were observed at both 0.25 and 0.5
mm electrode gaps, on some occasions repeated scans at 0.25 mm resulted in periods of
extremely high current etching, including attacks to the pore structure. This may have
been due to the inherent non uniformities in the thickness of epoxy bonding the porous
sample to the silicon frame leading to electrode gap variations which would become more
significant at rcluced set gaps. Furthermore. the transient behavior with a 0.25 mm gap,
upper curve in Fig. 6-23, differed greatly., with significantly more oscillations over a longer
time period compared with all other gaps. As shown in the Figures, operation at 0.5 mm
produced comparable results at both the emitter and pattern scales but without these issues.
Subsequent etches were made with a 0.5 mm electrode spacing and did not encounter either
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MIT1194 2010109/01 14:09 x30 2mm
(a) Etched array with an electrode gap of 0.25 mm.
MIT1209 2010/09/01 20:33 x30 2mm
(b) Etched array with an electrode gap of 0.5 mm.
MIT1204 2010/09/01 18:40 x30 2 mm
(c) Etched array with an electrode gap of 1.0 mm.
Figure 6-25: Porous nickel arrays etched using the indicated paddle to sample electrode
gaps with all other variables constant.
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Sample Etched Features at Indicated Electrode Gaps
0.25 mm 0.5 mm 1.0 mm
Figure 6-26: Examples of features formed when etching with the indicated paddle to elec-
trode gaps. Although repeatable, it was unclear why the mask often detached prior to
completing the etch with relatively large gaps (eg. 1 mm here).
of these problems.
Figure 6-27 demonstrates the typical degree of uniformity which could be achieved using
a 0.5 mm gap and the paddle and electrical conditions described above. The target etch mass
was increased slightly between these samples with a few more mg removed between samples
beginning with the upper figure at 63 mg and increasing with each subsequent figure. The
results demonstrate that although pockets of consistent emitters could be formed under
these conditions, the arrays were characterized by regions of significantly over, or under,
etched emitters.
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Figure 6-27: Non uniformities at the wafer scale when etching under constant voltage
conditions.
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As mentioned above, when etched under these conditions, the structures were charac-
terized by significant necking and frequent deflections due, apparently, to the massive size
of the mask compared with the structure. In addition to the instances shown in Fig. 6-26,
Figure 6-28 presents several examples of problems attributed to the large mask. In the
first figure a piece of porous nicekI can be seen stuck to a detached mask. This figure is
also interesting in that it reveals the degree to which the dry film masks penetrates the
porous surface, as seen by the imprint on the reverse side of the mask. In Fig. 6-28(b) a
structure with a ~ 15 pm diameter neck has been significantly bent but remained intact
after chemically removing the mask. The simulations presented in section 4.5 predicted
necking for very small diffusion layer thicknesses. Although the boundary model used in
those simulations cannot be verified with these results, more generally the necked structures
suggest locally enhanced flow was occurring some distance just below the mask.
The trials summarized above identified two primary concerns with the MP525 resist.
The thick mask was not ideal for etching emitters with 150 pm diameter masks as the
features were dwarfed by the mask itself. Some attempts at using 200 pm with the 65 pum
thick mask did not improve matters as the, now even more massive, mask again resulted
in deflected emitters at even larger neck diameters. Problems with this MP525 mask were
not limited to emitter deflections. In practice lithography with this resist had low yields.
although an improvement over the MP513, and frequently lead to patches where the resist
detached during developing or etching as in Fig. 6-26. This made a more detailed parametric
evaluation of the effect of etch conditions on etch quality impractical as maintaining constant
initial conditions was not possible.
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MIT1286 2010/09/14 16:57 x500 200 um
(a) A detached MP525 mask with the tip of an emitter embedded in the mask.
MIT1350 2010/09/16 19:13 x600 100 um
(b) Examples of bent emitters observed with the MP525 mask. The emitter in
focus has a ~ 15 pm neck diameter.
Figure 6-28: Examples of damage attributed to the extremely thick MP525 mask.
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6.4.3 Constant Voltage Etching on Porous Nickel:
15 pm Thick, 200 pm Diameter Masks
Etch Current Under DC Conditions for Two Samples
5 1 79mg
-82mg
4
02-
0 20 40 60 80 100 120 140 160 180
Time (s)
Figure 6-29: Samples of etch currents measured over time using etching under constant
voltage conditions with the 15 pm thick, 200 rm diameter mask.
The DuPont Riston FX515 mask was a natural progression at this stage due to both
its reduced thickness (15 pm) and its listed suitability for acid based etches. Using this
resist and the lithography process outlined in table 6.1, samples were patterned to create
200 pm diameter masks. It should be noted that this resist had a much larger yield at the
lithography stage both at the pattern scale, meaning masks were consistently formed up to
the sample edges, and at the batch level, allowing for much more efficient experimentation.
The decision to increase to 200 pm masks was partly motivated by attempted emission tests
being performed in parallel which were not successful. Increasing the mask was expected
to increase the emitter height (see section 4.5) and hence the field enhancement. This had
been deemed unwise with the 65 pm thick MP525 mask which was already resulting in bent
structures at 150 pm in diameter.
The best cases for etching under constant voltage conditions with this mask were
achieved with a 4.2 V, 15 second long signal followed by continued etching at 3.8 V using
the type 3 paddle while oscillating over ± 7.5 mm at 75 mm/s. The current recorded when
etching two samples has been plotted in Figure 6-29. The reduced travel distance compared
with the previous section and the lower voltage during the majority of the etch were both
efforts to reduce the impact and severity of the initial transients as the diffusion layer builds.
During this time the paddle position appears to play a greater roll (hence the oscillations in
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Figure 6-30: Examples of the significant non uniformities resulting during constant voltage
etching with the 200 pm, 15 pm thick Riston mask. Although locally non-uniform, no
particular edge or direction was favored.
Fig. 6-29), reducing the travel distance was intended to reduce non-uniformities which could
arise during this time and then be compounded throughout the etch. Meanwhile increasing
the potential could lead to initially higher currents in regions that are not transport limited,
leading to more material removal and, possibly. a faster approach to diffusion control.
Figure 6-30 shows two examples of etching under these conditions. Despite consistent
masks and relatively repeatable current traces, Fig. 6-29, initial etch results with this mask
again lacked uniformity. In the solid array experiments presented earlier in this chapter, a
relatively small variation in the paddle velocity lead to both an increase in pattern scale
uniformity and enhanced local uniformity between small groups of structures. The porous
arrays etched in this section were typically characterized by only the latter, poor local
uniformity. Instead of varying the hydraulic conditions, which may have reduced the pattern
scale uniformity, pulsed etching was considered as an alternative to enhancing local stability.
6.4.4 Pulsed Voltage Etching on Porous Nickel
During Chapter 4, it was motivated, using numerical simulations, that even small pertur-
bations in the diffusion layer thickness could result in significant non uniformities when
comparing emitters on a single wafer. One of the possible explanations[150] for pulsed etch-
ing achieving enhanced uniformity during electrochemical etches was that it may result in
a more conformal diffusion layer near the surface as it evolves. The frequently non uniform
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constant voltage etches presented above often displayed conglomerates of etch products on
or around some remaining masks when viewed after etching, suggesting that to some de-
gree the diffusion layer was interacting with the mask causing precipitates in a non-uniform
manner. Given these observations, pulsed etching was attempted.
The 1-d model in section 4.4 showed that for low duty cycles and high frequencies,
the average effective diffusion layer thickness during pulsing could reduce to length scales
much smaller than the constant voltage diffusion layer thickness. As noted above, the
etch may have already been pulsed to some degree due to the paddle motion in the tests
above. However, current oscillations at the paddle frequency were typically low after initial
transients.
E 10
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Time (s)
Figure 6-31: While the paddle oscillated over the sample at 2.5 Hz, the electrical signal
was pulsed at 2 Hz.
Based on the results of the previous sections a diffusion layer thickness between - 50-75
pm would be consistent the enforced hydraulic and observed electrical conditions. In the
experiments presented here, the electrical pulse frequency was set to 2 Hz with a 50 %
duty cycle. For a diffusion layer thickness between 50 and 75 pm, this corresponds to a
non dimensional period, T* in the model, between 0.13 and 0.06 respectively. Referring
to the estimates from that model. this selection may result in a reasonably significant (-
50 %) decrease in the effective diffusion layer thickness. However: in order to observe any
effects from pulsing, a relatively small pulse period, T*, was desirable and hence a trade off
was required. Since the paddle may have already induced perturbations at 2.5 Hz, a value
close, but not equal, to that of the paddle was chosen. Figure 6-31 demonstrates how, by
selecting a frequency different than that of the paddle, the possibility for locking the paddle
and electrical signals in phase was avoided. If the two signals were in phase such that the
electrical signal was activated over one portion of the paddles travel more than others, it
could result in non-uniformities.
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Etch Current Measured While Elecrically Pulsing at 2 Hz with a 50% Duty Cycle
2 R1
R2
0 50 100
(a) Measured current over time throughout a
with a 50 % duty cycle.
Current at RI Above
Time (s)
(b)
150 200 250
Time (s)
complete etch while pulsing the applied potential at 2 Hz
Current at R2 Above
4 
T
93.5 94 94.5 95 95.5 96 96.5
Time (s)
(c)
Current at R3 Above
6-
5
4
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Figure 6-32: Measured current over time using pulsed etching. Figures b,c and d show the
behavior at the regions highlighted as RiR2 and R3 respectively in the upper figure.
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Plots of the observed current while using a 3.8 V, 2 Hz signal with a 50 % duty cycle are
shown in Figure 6-32. Note that during this test the sample was first subjected to 0.5 V for
15 seconds in an attempt to activate the surface, this had been attempted previously with
no discernable effect and its influence here is unknown. Otherwise, the paddle conditions
were identical to those in the constant voltage case above (75 mm/s over t 7.5mm, 0.5
mm gap). The overall etch time to the same mass of removed material was roughly 1.5
times longer than under constant voltage conditions, demonstrating that, as expected, the
average current did not decrease by an amount equal to the duty cycle (as would be the
case without transients). The lower figures show the circled regions, R1. R2 and R3 in the
upper figure for representative 3 second segments. These subplots demonstrate that, when
pulsing, the current pulses transition from nearly square, high amplitude, currents in R1,
to traces strongly resembling the diffusion controlled 1-d pulsing model of section 4.4 in R3.
Compared with Fig. 6-29, the transient behavior occupies a significantly longer portion of
the etch, even when considering the sample is only active for half of the time shown in Fig.
6-32(a).
Comparing Pulse Currents with a 1-D Model
5 i 1
Model: 8=75 p m
Model: 8=50 pm
4 iL=1.4 A
i =1.0 A
-JZ
S3
2-
00 0.5 1 1.5 2 2.5 3
Time (s)
Figure 6-33: When compared with the 1-D theory of section 4.4, the measured current
within the developed region, Fig.6-32(d), shows reasonable agreement depending on the
selection of IL and 6.
In Figure 6-33 a section of data from 200 to 203 seconds in Fig. 6-32(a) has been
normalized and plotted alongside theoretically predicted non dimensional currents using
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the 1-d model. This plot has been included as a simple comparison only. no rigorous fit to
the data has been performed. The two curves for the model, assume a 50 pi and 75 pm
total diffusion layer thickness. The first trace of the data has been normalized by, 1.4 A,
the average current over the last 20 seconds of Fig. 6-29 where constant voltage etching
was performed with the same hydraulic conditions. Meanwhile, if normalized by ~1 A,
equivalent to increasing the equivalent constant voltage diffusion layer by 1.5 times. the
data appears more consistent with the model.
Pulsed etching was found to yield significant enhancements to the etch uniformity at
both the pattern and feature (emitter) scales. Figure 6-34 compares results of etching
under constant voltage conditions with those achieved using pulsed voltages for identical,
hydraulic, paddle conditions. Not only did pulse etching yield more uniformity between
emitters and across the waver. but the overhead topographical images shown in the figure
reveal that the emitters themselves appear more axially symmetric.
Given the results shown for the sample case above, this technique has been adopted for
all arrays yielding significant batch yields. For example, the four arrays shown in Figure
6-35 have been etched to a consistent etch mass (104 mg) under identical paddle motion
and electrical conditions. Compared with the example in Fig. 6-34, the potential has been
decreased slightly to 3.5 V in an effort to reduce the impact of the initial section (RI) in
Fig. 6-32(a), however all other conditions were held constant. After etching sample 1, a
small error in the paddle center position (about which oscillation takes place) was found
which could have lead to uneven agitation. This was corrected before etching samples 2
through 4. Although sample 3 appears slightly over etched compared with samples 2 and
4, the results are generally consistent. This pulsed etch, at 3.5 V, has been adopted as the
final etch configuration used to develop the functioning emitter arrays presented in the next
chapter.
Pulsed etching has increased uniformity immensely at the pattern, or wafer, scale, how-
ever; at the pore scale the degree to which the surface has been smoothly etched without
impacting the pores has been reduced. Figure 6-36 demonstrates some of the worst examples
of this phenomenon observed using this process. Compared with, for example, Fig. 6-26
under constant voltage conditions, these emitters are characterized by relatively rough pro-
trusions. This phenomenon was not unexpected in the context of the 1-d transient model.
There it was argued that pulsing would reduce the effective diffusion layer thickness. and
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MIT1584 2011/01/06 11:25 LT x40 2 mm MIT1583 2011/01/06 11:23 L x40 2mm
(a) An array etched under constant voltage (CV) conditions demonstrating strong non uniformities
between patches of structures and highly irregular shapes where view from above.
I Pulsed Etch
MIT1595 2011/01/06 16:08 LT x50 2 mm MIT1590 2011/01/06 15:58 L x30 2 mm
(b) An array etched to the same removed mass and with identical hydraulic conditions to the adjacent
figure but using a square pulsed voltage at 3.8 V, 2 Hz with a 50 % duty cycle.
Figure 6-34: Arrays of porous emitters etched under constant voltage and pulsed voltage
conditions. Pulsing increases both pattern and feature (emitter) scale uniformity..
hence the length scale for smoothing. Although disconcerting, it should be stressed that
the images in Fig. 6-36 represent particularly poor emitters to highlight the concern and
are not representative of all emitters on a typical array. Additionally, the secondary etch
step discussed in the next section typically was effective in smoothing these surfaces.
An important observation made when pulsing was the presence of a contiguous layer of
etch products visible on the sample throughout the etch which was only removed with a
mild DI water rinse. This layer has been observed consistently during all pulsed etches. The
layer appears to be extremely thin and must be less than - 200 Pm thick as the emitter
masks were clearly visible protruding from this layer.
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2011/01/31
MIT1868 2011/01/31 11:20 L x30 2 mm
MIT1886 2011/01/31 13:24 L x30 2 mm
MIT1911 2011/01/31 14:09 L x40 2 mm
Figure 6-35: An example set of arrays etched using the pulsed technique. The paddle center
was realigned after the first sample, all other conditions are constant between samples.
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10:40 L x40 2 mmMIT1844
Examoles of Reduced Smoothing Using Pulsed El
Figure 6-36: Examples of features with roughness at the pore scale after pulsed etching.
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6.5 Secondary Etching to Achieve Rounded Emitters
Section 4.5.7 identified a two step etch processes as a possible method for relaxing the
constraints on etch uniformity while achieving arrays of useful emitters. However; that dis-
cussion also identified that for such short etch times. the target of smooth surface machining
on porous metals may not be valid.
This concern was validated during initial attempts at rounding the resultant emitters.
For example, the case shown in Figure 6-37 where an initially etched array was cleaned and
etched again for a short period of time. Specifically, a secondary etch sequence consisting
of 5 seconds at 0.75 V and 5 seconds at 3.1 V, presumably within the transport limiting
plateau, was performed in 2N HCl. The initial low voltage etch segment was intended to
activate the surface prior to increasing the etch rate. The current during this first portion
was significantly lower than during the higher voltage etch. such that less than 10 % of
the material removal was calculated to have occurred during this segment. The images
demonstrate how, under these conditions, the second etch has attacked the internal pore
structure aggressively. The resulting sharp edges and ill defined structure would not be
desirable for application as ILIS.
6.5.1 Adding Salts to Reduce Transient Effects
In chapter 4, section 4.1.4, the use of added salts containing the etch products, nickel
ions in this case, to offer additional control over the etch conditions was considered. Two
experiments have been performed to verify this and its impact on short electrochemical
etches on porous materials. First an unmasked sample of nickel, in the standard package,
was etched in 2N HCl at 4 V, with increasing concentrations of added nickel chloride
(NiCl2). Second, two clean samples were etched for short time periods in electrolyte with
and without added salts.
The first experiment, summarized in Figure 6-40. was performed with the type 1 paddle
set to oscillate at 65 mm/s roughly 1 mm above the sample. This experiment was performed
before the etch station gap control was upgraded. The results are shown in Figure 6-40. A
single sample was used throughout while fresh electrolyte was prepared for each scan.
The results confirm that by adding nickel ions to the electrolyte., the limiting current
has been reduced. In Fig. 6-38(b) the data are plotted as a function of nickel chloride
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MIT0792 2010/07/07 15:37 x800 100 um
(a) A porous emitter tip prior to secondary etching. Note this emitter was fabri-
cated on material with closed pores at the surface.
MIT0803 2010/07/07 23:33 xl.Ok 100 um
(b) A porous emitter from the same array as above, after etching for 5 seconds at
0.75 Volts and 5 seconds at 3.1 Volts. Less than 10 % of the material removal was
calculated to occur during the low voltage portion of the etch.
Figure 6-37: Initial attempts at a second etch step within 2N HCl without any added salts.
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Observed Currents for Varying NiCk Concentrations in 2N HCI
5
4
1:
2
1
(a) Measured currents at
porous nickel sample.
60 70 80 90
the indicated NiCl2 concentrations for a single
Steady Current Variation with Added NiCk
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0 Adjusted -
0.5F
0 0.5 1 1.5 2 2.5
NiCI2 Concentration (M/L)
3 3.5 4
(b) Mean currents, evaluated between 15 and 40 seconds, as a function of
added NiCl 2 . The adjusted data include a correction due to the increasing
paddle to sample gap as material was removed from the sample.
Figure 6-38: Dependence of NiCl2 concentration on measurements of the limiting current
using unmasked porous samples mounted in the silicon frame.
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concentration. Here the average value between 15 and 40 seconds has been selected to
minimize the deviations due to the sample area changing as time progresses. The second
set of data has been adjusted to include some consideration of the cell geometry changing
throughout the experiment. As these data were collected for a single sample, the material
removed would effectively lower lower the sample away from the paddle. The amount of
material removed has been calculated using Faraday's law, equation 4.3 by integrating the
current and assuming a 1 cm 2 exposed area and 90 % etch efficiency (see the discussion
below). After each scan in Fig. 6-38(a) an estimate for the net etch depth has been made
and correlated to give a relative change in diffusion layer thickness, using equation 4.11.
Finally the measured currents are scaled by the inverse of this relative change to provide
an estimate for the effective current changes due to concentration alone. In both cases a
weighted linear fit has been made and used to estimate the effective saturation coefficient,
where the limiting current would go to zero for this cell. The fits predict 6.8 and 7.2 M/L
for the measured and adjusted curves respectively. These values are of the correct order
but roughly 1.5 times larger than the 4.8 M/L cited in the references[130]. Including the
height adjustment increased the linear-correlation coefficient from 0.992 to 0.999.
Etching Porous Material within a Doped Electrolyte
5
0 M NiCl
2
3 M NiCI2
4
-3mg removed
3
01
0 1 2 3 4 5 6 7 8
Time (s)
Figure 6-39: Two porous samples were etched until - 3 mg of material was removed within
two different electrolytes. With added NiCl 2, a transition to a smooth, steady current
occurs within a relatively short portion of the total etch time.
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The second experiment was performed using the type 3 paddle with the final etch sta-
tion configuration. The paddle design differed significantly from the design above. Only
qualitative agreement with the data in Figure 6-40 was expected. In this experiment two
unmasked samples have been etched until approximately 3 mg of of material has been re-
moved. The etches were made with 3.8 V applied while the paddle was set to travel at 75
mm/s over ± 7.5 mm with an electrode gap of 0.5 mm. Without added NiCl 2 the etch
lasted 3.3 seconds and was highly dependent on paddle position (causing high amplitude
oscillations), with current amplitudes between approximately 5 and 3.5 A. With 3 M/L of
NiCl 2 added to the solution, the etch took 7.7 seconds with moderate oscillations decaying,
along with the average current. over the first few seconds before becoming relatively stable
around 1 A. For a planar surface of the porous nickel used here, this corresponds to roughly
0.6 pm/s of material removal.
Figure 6-40 presents SEM images of the initial porous nickel surface, as supplied from the
manufacturer, and the surfaces after the two etches discussed above. Without NiCl 2, Fig.
6-40(b), the short etch has resulted in significant damage to the pore structure. consistent
with etching before the reaction has become limited by transport. With added NiC12,
Fig. 6-40(c), the surface has been smoothed with reduced signs of etching within the pore
structure and regions of high surface area, as expected during transport limited etching.
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(a) Initial porous surface after cleaning but no other
processing.
2N HCI + OM NCI
(b) Porous surface after removing ~ 3 mg of material
in 2N HCl without added salts.
M 2N HCI + 3M NiCL
(c) Porous surface after removing
in 2N HCl doped with 3M NiCl2 .
~ 3 mg of material
Figure 6-40: Demonstration of the ability for doped electrolytes to achieve surface machining
on porous nickel during short etches.
190
6.5.2 Smoothing Emitters with Doped Electrolytes
MIT1597 2011/01/06 19:13 L x40 2mm MIT1739 2011/01/13 21:16 L x50 2 mm
(a) Topographical and perpendicular SEM images (b) Topographical and perpendicular SEM im-
of a sample after the first etch step. ages of a sample after the second etch step.
Figure 6-41: Secondary etching to round plateaus, forming more desirable structures for
application as ILIS.
These results have been applied to performing the desired secondary etching of emitter
plateaus while maintaining smooth etching on porous emitter arrays. Using the array shown
in Fig. 6-34(b), etched using the pulsed etching processes described above, a 15 second etch
within 2N HCl doped with 3M NiCl 2 yielded the transition shown in Figure 6-41. Fig.
6-41(a) is a topographical SEM image before the secondary etch, while Fig. 6-41(b) shows
the same array after secondary etching. The etch was controlled based on mass, stopping
after 5 mg of calculated mass removed.
The measured current during the etch is shown in Figure 6-42. The figure demonstrates
that, despite adding NiCl 2, high amplitude oscillations remain during the initial portion
of the etch before decaying along with the average current. The 15.3 second total etching
time was typical for this process. However, as discussed in section 6.7.2, the total etch time
disagrees significantly with that predicted numerically.
As desired, the additives supported smooth etching on the porous materials yielding
emitters as in Figure 6-43. Compared with Figure 6-37, where secondary etching without
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Figure 6-42: Measured current during secondary etching of an emitter array to remove 5
mg of material. The total etch time was approximately 15.3 s.
doping resulted in etching within the pores, the discrepancies are clear. This processes has
been repeated on four additional arrays with good results. In all cases the type 3 paddle
was oscillated at 75 mm/s over ± 7.5 mm with an electrode gap of 0.5 mm.
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MIT1734 2011/01/13 20:33 L
MIT1735 2011/01/13 20:34 L x600 100 um
Figure 6-43: SEM images of emitters formed after secondary etching. The structures are
generally smooth with no signs of etching within the pores, despite a short etch time.
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6.6 Final Process Summary
The complete process, including two etch steps, has been tested on 5 samples over three sep-
arate sample batches. Further etching has been forgone in favor of testing the performance,
in terms of operation as ILIS. of the fabricated arrays. The final process used remains
relatively straight forward and several changes are suggested in the discussion below. The
two etch steps have been adjusted slightly over the example discussed in section 6.5.1 in
that the first etch step has been increased from 97 to 104 mg while the secondary etch was
reduced from 5 to 3 mg.
Final process:
1. Solvent clean
2. Pattern with FX515 resist, 200 pm mask diameters
3. Pre-Etch : 0.5 V DC for 15 seconds with the type 3 paddle set to a gap of 0.5 mm
and oscillating over ± 7.5 mm at 75 mm/s.
4. Etch step 1 : 3.5 V at 2 Hz, 50 % duty cycle in 2N HCl with the type 3 paddle set
to a gap of 0.5 mm and oscillating over ± 7.5 mm at 75 mm/s. Etch to 104 mg of
material removed.
5. Solvent clean
6. Etch step 2 : 3.8 V DC within a 2N HCl and 3M NiCl2 solution with the type 3
paddle set to a gap height of 0.5 mm and oscillating over ± 7.5 mm at 75 mm/s.
Etch to 3 mg of material removed.
7. Solvent clean
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MIT1957 2011/02/02 17:48 L x30 2 mm
MIT2060 2011/02/18 16:14 L x30 2 mm
Figure 6-44: Examples of arrays etched using the complete process developed here.
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MIT2065 2011/02/19 18:01 L x100 1 mm
Figure 6-45: Using the full process described, emitters consistently sim 150 pm tall are
achieved but with variable tip radii.
6.7 Discussion and Recommendations
The transition from constant voltage (or very low frequency) etches to pulsed etching has
significantly enhanced uniformity at the feature and pattern scales, with some minor degra-
dation at the pore scale. Perhaps more importantly, pulsed etching appears to be a more
robust technique with far greater consistency between samples, as demonstrated in Fig.
6-35. However; much room for improvement remains.
6.7.1 Suitability for Operation as a Porous ILIS Thruster
This fabrication scheme has produced emitters, typically in excess of 150 pm tall, as desired.
However, despite the progress made in developing this process some degree of non uniformity
remains. Figure 6-45 demonstrates the typical range of emitter tip diameters produced using
this technique. The emitters are typically - 150-170 pm tall (relative to the lowest points
on the wafer) with tips ranging from sharp points, with diameters less than - 10 pum, to
smoothed plateaus with much larger apex diameters. Ultimately, the performance as ILIS
emitters will be the driving metric for the success of this process. As shown in the next
chapter, when well aligned and electrically isolated, strong beam currents can be sustained
from these devices despite the non-uniformities.
One of the challenges required of any fabrication scheme used to create porous arrays
for ionic liquid ion sources is the ability to package the device. This etch technique has been
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MIT1894 2011/01/31 13:39 L x40 2 mm
Figure 6-46: SEM image showing an etched porous nickel sample with emitters formed
within a few 100 pLm of the substrate edge. The rounded substrate edge was desirable as
sharp edges could have resulted in spurious emission to the nearby silicon frame.
demonstrated to be capable of selectively etching a patterned porous metal sample while
housed in a silicon frame. This accommodates the array and grid alignment to be made
with respect to the silicon package in a relatively simple manner. A key to this has been the
ability to etch emitters, to relatively high uniformity, right up to the edge of the samples.
As shown in Figure 6-46, the technique developed here results in useful structures within
a few hundred pum of the nickel sample edge. This may be a significant benefit over other
techniques which could require a porous array and package to fabricated independently and
then joined later in an aligned manner. Operationally, the tendency for this method to
inherently etch the edge of the material to a significant degree is beneficial as it removes
sharp edges that would be present if, for example, a sample was cut to size using a die
saw after forming the emitters. Sharp edges could lead to high electric fields and spurious
emission from the sides of the array.
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6.7.2 Correlations Between Numerical Simulations and Observed Results
The numerical simulations presented in section 4.5 have been useful in gaining insight into
the trends and expected behavior during etching. However; as a predictive tool, they have
only provided an approximation to the etch time and profiles to be expected for the majority
of results presented here.
Simulated First Etch Step
In general, the structures had etch factors typically larger than those predicted using the
simple, static, boundary model discussed in section 4.5.6. Much better agreement has been
observed using the more dynamic moving boundary model.
Necking was, to some degree, predicted by the simulations but only as the etch nears
completion and for very thin ~ 10 pm boundary layer thicknesses. Using the 65 pm thick,
MP525 mask, significant necking occurred even for etches stopped well before this, as was
shown in Figs. 6-27 and 6-28. However; in those images the surface remains smooth at the
pore scale, suggesting that although relatively more etching has clearly occurred to form the
neck, the boundary model used in the simulations may not accurately capture this behavior.
This is not unexpected given the somewhat arbitrary nature of the boundary definition.
During pulsed etching, the arrays are typically much more uniform, to the extent where
some qualitative comparisons can be made between the observed and predicted profiles.
Using the technique shown in Figure 6-47. profiles for two pulsed etches have been plotted
in Figure 6-48. In each case 6 profiles were selected from images taken perpendicular to the
emitters. Here an estimate for the axis of symmetry has been made based on the plateau
diameter. Radial measurements have then been made at fixed vertical increments.
In Figure 6-48, a boundary layer thickness of 35 pm has been selected and the resultant
profiles after every 10 time steps (equivalent to ~ every 10 pm in the far field) are plotted.
Here, a 35 pm thickness was found to yield profiles similar to the measured profiles but was
not measured directly. However; a value on this order would not be unexpected given the
estimates in section 4 . 1 . 1 35-110 pm combined with the predicted reduction in effective
boundary layer thickness during pulsing.
In Fig. 6-48(a), the etch was stopped after removing 97 mg material. This was achieved
after etching for roughly 260 seconds (the plot shown in Fig. 6-32(a) shows the actual data
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MIT1938 2011/02/02 13:47 L x400 200 um
Figure 6-47: Fabricated arrays were traced using this method for comparison with the
profiles simulated using the code described in section 4.5.
for this sample). At a 50 % duty cycle this corresponds to 130 seconds of actual etching.
The height of the emitters after etching was measured, using a microscope to be 152 ± 5
pm., in reasonable agreement with the profiles extended to the simulation boundary. For a
35 pm diffusion layer thickness the predicted etch time to this height was - 140 seconds
for a saturation concentration of C, = 4.8 M/L, a diffusivity of D = 6.6 x 10-6 cm 2/s and
a bulk density of 55 %.
In Fig. 6-48(b), the etch was stopped after removing 104 mg material under identical
hydraulic and pulse timing to the sample above. This was achieved after etching for roughly
320 seconds while pulsing. At a 50 % duty cycle this corresponds to 160 seconds of actual
etching. The height of the emitters after etching was not measured however, in so far as
the profiles agree with those simulated, the far field height was between roughly 160 and
175 pm. For a 35 pm diffusion layer thickness the predicted etch time to this height was
between - 145 to 160 seconds using the same physical properties as in the previous example.
These qualitative comparisons show reasonable agreement with the model. However;
both of these examples, and all others available, were etched to very similar set points. A
truly validated model would be one that not only fits the data towards the end of the etch
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Measured and Simulated Profiles for 5 = 35 pm
-50 - '
L
. -100-Cn
-150
-200
0 50 100 150 200 250 300 350 400 450 500
Radial Distance (A m)
(a) Simulated and measured profiles for a 35 pm boundary layer thickness, etched to a target of 97 mg.
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(b) Simulated and measured profiles for a 35 pm boundary layer thickness, etched to a target of 104 mg.
Figure 6-48: Comparisons between numerically simulated and measured etch profiles. The
selection of - 35 pm was based on approximate agreement with the model. The simula-
tions were not run as a predictive tool prior to etching.
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but is also consistent with samples etched to a lesser degree. Hence a number of samples
would need to be sacrificed, in terms of use for operation as ILIS, to generate a set of data
spanning the entire etch. This has not been performed. Further refinement of the model
could include an attempt to include the pulsed nature of the dissolution by varying the
diffusion layer thickness in time.
Simulated Secondary Etching
In Figure 6-49, measured and simulated profiles are compared before and after secondary
etching to round the emitters. In Fig. 6-49(a), the experimental profiles shown in Fig.
6-48(a) are plotted along with a selected simulated profile, the solid line in the figure. The
simulated profile was then input to the code to simulate secondary etching. Experinientally,
the array was etched to remove 5 mg, taking 15.3 s of total etching. After secondary etching,
the measured emitter heights were 143 ± 5 pim, reduced from 152 ± 6 pm after the first etch
step. In Fig. 6-49(b) a simulated profile has been plotted after terminating the simulation
when the emitter height was reduced by 9 im, in keeping with the measured behavior.
Referring to Fig. 6-40, the after etch rate was expected to be reduced by roughly 60 %
with 3 M/L of added NiCl2 after forming a diffusion layer. The simulated profile shown
in Fig. 6-49(b) reached the measured change in emitter height after only 1 s of simulated
etching, or 1.7 s after correcting for dopants. Thus the simulation dramatically under
predicts the actual etch time (15.3 s). Considering the simulation assumes a fully formed
diffusion layer, actual etch times are typically expected to be much shorter than simulated.
However; the strong gradients at the emitter edges could lead to high current densities
limited by the applied potential (the primary distribution) during the initial part of the
etch. This situation is consistent with the high amplitude oscillations shown in Fig. 6-42
for the first few seconds of etching. As with the first etch step, further, more accurate,
characterization of the etch transients would be required before the simulations could be
used as a predictive tool for secondary etching.
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(a) Measured profiles, after etching 103 mg, plotted with a calculated
profile after - 150 s of simulated etching.
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(b) Measured profiles after removing 5 mg through secondary etching
plotted with a selected calculated profile set to terminate .
Figure 6-49: Comparisons between numerically simulated and measured etch profiles before
and after secondary etching. The second etch was targeted to 5 mg of material removed.
The actual total etch time was 15.3 s while the predicted etch time, adjusted for the added
NiCl 2, was less than 2 s.
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6.7.3 Recommendations for Increasing Etch Uniformity and Control
Several sources of error remain in the current setup. Particularly, the paddle position, along
the axis of oscillation is not known to a high degree. Another calibration step and sensing
circuit could be added to the structure such that, before each scan, the paddle home is
redefined on a scale much closer to the sample, just as has been done with the vertical
axis. The impact of the paddle shape and composition has not been explored to any great
degree here. The versions used to in this research have been made from simple sheets of
stainless steel and, under some occasions, were prone to bending or, if not cleaned properly
between runs, corroding. An investigation of these effects could include varying the paddle
geometries in search of an optimum before fabricating a more permanent structure.
The final form of the etch station control software allows for much more complex and
carefully designed etch processes. Particularly due to the ability to stack and queue in-
structions during any particular run. This could, for example, be used to adjust the paddle
motion throughout the process to minimize the initial transients. One suggestion would
be to begin with the paddle oscillating over the sample only (traveling over ± 5 mm) at
a relatively slow speed during the beginning of the scan where its position is significant.
The velocity could then be increased along with the travel, to approach the conditions used
here after some initial period. Similar steps could be made with the electrical signals, for
example beginning with a high constant voltage before a transition to pulsing. This may
reduce transients effects by quickly forming an initial diffusion layer prior to pulsing.
Many other parameters warrant exploration in an effort to enhance uniformity. For
example, no adjustment to the pulse duty cycle or period has been made in this research. A
simple experiment aimed at confirming the limits of pulsed etching. when dissolution occurs
within the pores, at low duty cycles and high frequencies would be interesting. Furthermore,
recall that in section 6.4.4 the pulsed etching currents were in reasonable agreement with
the 1-d pulse model developed in section 4.4 but only when normalized by an equivalent
constant voltage limiting current of 1.0 A. This was in contrast to the roughly 1.4 A limiting
current observed when etching with the same paddle settings but using a constant voltage.
Meanwhile, a thick and stable residue was observed on the surface after these etches. One
explanation for these observations could be that under pulsed conditions, a large stable
overall diffusion layer forms while pulsing ensures a smaller effective diffusion layer near the
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surface (ultimately dictating the etch). Further experimentation could aid in developing an
understanding of this phenomenon.
6.7.4 Selecting Mass or Time as an Etch Stop
Selecting mass as an etch stop for the control software has typically yielded more consistent
results compared with timed etches. However; this has been somewhat unexpected given
two observations. First, the etch efficiency, defined as the ratio of actually removed to
calculated material mass has varied within several percent for similar target masses. Figure
6-50 provides some examples of the etch efficiency calculated by measuring the sample
masses before and after etching (and cleaning) during an assortment of batches. Although
the efficiencies are typically high. the scattered nature could translate to a similar degree
of uncertainty to be expected when targeting mass as an etch stop.
Etch Efficiencies for Typical Etch Runs
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Figure 6-50: On some occasions the mass targeted. and verified by integrating the output
current. has been compared with the actual mass difference measured with a scale.
Furthermore, the amount of material removed is highly dependent on the degree of
etching at the corners of the material. As shown in Figure 6-46, the substrate edges are
round and have been etched to, at least, a level consistent with the average planar etch
depth. Measurements of samples removed from their silicon frames after etching have shown
that as much as 40 % of the total etch mass may be due etching at the edges. Some attempts
at simulating the etch here been made, an example of which is shown in Figure 6-51. This
simulation used the moving boundary type definition of the boundary layer but assumes a
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Etch Simulation for the Edges of a Silicon Mounted Array
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Figure 6-51: Simulations of the boundary evolution at the edge of a sample mounted in a
silicon package as in described in chapter 5.
planar (Cartesian) geometry with infinite extent in and out of the page. The simulation
appears reasonable at first glance, however it significantly under estimates etching at at the
lower corner of the metal, deep within the frame. Figure 6-52 demonstrates this for arrays
where the silicon frame has been snapped off at one edge to reveal the sample edge before
and after etching (these images are representative of the process but do not show the same
sample before/after etching). In this model that region has been heavily shielded, while
in reality a transient model would be required which takes into account the time required
for a stagnant boundary layer formed in the corner to begin interacting with the frame.
Finally, recall that one of the benefits of this overall process has been the ability to relax
the spatial accuracy requirement for the metal within the frame, since the mask is applied
after bonding and aligned to the frame. Hence, the gap between the metal and silicon frame
shown in Fig. 6-51 will typically vary around the sample perimeter.
Despite these concerns, etches targeted for mass have been used in fabricating all of the
emitter arrays tested in the next chapter.
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Figure 6-52: SEM images of typical samples before and after etching. The edges have not
evolved in the manner predicted by Fig. 6-51. Significant residue. possibly due to the epoxy,
can be seen on the etched sample. The samples were de-burred by sanding before etching,
leaving chamfered edges.
6.7.5 Impact of Photoresist Quality and Dimensions
Although using the Riston FX515 thin resist resulted in a dramatic increase in the yield
at the photolithography step of this process, some adjustments are recommended. For
example, the mask in Figure 6-53 below was patterned with a 200 pum diameter photo-
mask but somewhat larger resist discs have resulted. This may be due to excessive heat
or pressure during lamination, or just as likely, a problem at the exposure stage. If, for
example. the photo-mask and sample are not in good contact, diffraction could occur at the
edges off the pattern[96]. If the metal sample was not perfectly flat during epoxy bonding
to the silicon frame, this issue could arise.
As this process was developed, three different thicknesses of photo resist made by two
manufacturers were used. However; the most reliable etching technique, pulsed etching,
was not developed until the third, thinnest, resist was acquired. Since the resists have a
finite lifetime, comparison between all three resists with identical etching conditions was
not possible. Some reasonably uniform arrays were created using the 65 Pm thick, MP525
with 150 pm masks, although on only a few occasions. Using images of these arrays, the
technique shown in Fig. 6-51 could be used to trace and compare these emitters with the
FX515 results. New samples etched with 150 pm, diameter, 65 pm thick masks using the
final process would make quantitative comparisons of this sort more applicable.
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Figure 6-53: Over sized masks created using a 200 pm photo mask with the FX515 re-
sist. This resist has been generally more reliable than the MP513 and MP525 but further
refinement to the process is recommended.
6.7.6 Smooth Etching on other Porous Metals
The results presented here have been largely focused on solid and one grade of porous
nickel. However; the general technique should be applicable to a number of metals. In
section 6.3 a limiting current plateau was observed during a potentiodynamic sweep for
titanium in H2SO 4 methanol. Using available estimates of the diffusivity and saturation
conentration[125] along with the measured data, the transport layer thickness, 6, would be
roughly 40 pm in this case assuming a fully activated surface. This estimate, along with
the observed smoothing in Fig. 6-12, suggests that porous titanium could also be etched in
a manner similar to that shown here for porous nickel. Wide limiting current plateaus have
been observed for many other metals, for example iron in chloride electrolytes[12 1], leaving
many opportunities for applying this research to other porous metals.
The porous ILIS emitters fabricated on porous tungsten, both during the early phases
of this project and by Legge[70] can also be considered in the context of transport limited
etching. Those etches were typically done at low voltages and low to moderate currents.
However; at the final stage of etching, only the emitter tips were etched at relatively high
current densities. Figure 6-54 demonstrates two tips fabricated in this fashion. Given the
results of this work, it appears that this porous tungsten process may have occasionally
etched below or within the transport limited regime as evidenced by the figure. No further
experimental confirmation of mass transport control when etching porous tungsten has been
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Figure 6-54: SEM images of two flat type porous tungsten emitters fabricated during the
early stages of this research using the method of Legge[70]. Qualitatively, the smooth surface
on the right appears to have been etched under diffusion controlled conditions.
done during this research due to the mask compatibility challenges in the sodium hydroxide
electrolyte and the high cost of purchasing this material.
Finally, it is important to note the similarities between structures formed on solid nickel,
in section 6.4.1 and those formed using the final process on porous nickel. This observation
supports the anticipation, stipulated in Chapter 3, that transport limited electrochemical
etching would be applicable to a wide range of porosities. In this regard, these two examples
suggest any material with porosity and typical particle sizes lower than the porous nickel
used here should be compatible with the etch process. If verified, this could allow for
interesting explorations of the impact the pore structure may have on emission by allowing
for relatively constant geometries to be formed using a variety of materials.
6.7.7 Other Applications and Emitter Densities
The emitters fabricated here used a 200 pm circular mask and will be shown, in the next
chapter, to operate well as arrays of ILIS. The emitter spacing for all examples above
has been 480 pm, however with a 200 pm diameter mask, higher density arrays could be
fabricated on the same material without altering the etch conditions. An initial attempt at
etching an array of 952 emitters spaced 318 pm apart, Figure 6-55, has been made and did
not show any problems. This etch was made using the same porous nickel material used in
this chapter and was done on a 1 x 1 cm sample mounted within a silicon frame. The etch
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Figure 6-55: An example of an array of 952 emitters spaced 318 pm apart.
was stopped too early due to a calculation error.
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(a) Model of a sintered porous column before elec- (b) Sintered column after a simulated etch of a
trochemical etching. few seconds using the electrochemical technique
developed here.
Figure 6-56: The techniques developed here could be applied to arrays of sintered porous
metal columns. The initial columns may be cylindrical and required further adjustments to
achieve rounded tips suitable for ILIS. After etching the column using doped electrolyte, a
rounded tip could be achieved.
Another application could be smoothing sharp columns formed using powder metal
sintering, as has been done by Tajmar[30] for long, needle like, porous tungsten LMIS
emitters. As was mentioned in Chapter 3, electrochemical etching could be used on planar
arrays of sintered columns to obtain tip geometries more suitable for use as ILIS. In Figure
6-56 this process as been simulated on a 200 pm tall, 50 pm diameter column using the
code developed here. As with the secondary etching performed in this research, this type
of etch may required added salts to suppress transient effects.
210
... ..... ......................... .......... ...  - - - . ...................
Chapter 7
Ionic Liquid Ion Source
Experiments
The experiments presented in the beginning of this chapter are a series of tests which were
performed in parallel with development of the fabrication scheme described in the previous
chapter. The goal of these tests was to, ideally, identify any issues preventing operation
of the porous nickel arrays prior to investing heavily in their development. First, emission
from a single planar porous tungsten emitter was tested and compared with the emission
from the flat/strip style emitters of Legge. Second. externally wetted nickel emitters were
used to confirm if, when wetted with the available ionic liquids, ion emission could be
sustained from nickel at levels comparable to those seen with externally wetted tungsten.
Finally, some experiments with dual grid operation, to vary both beam current and energy,
were made using an array of 80 flat style tungsten emitters, these results are provided in
Appendix A.
The remainder of the chapter is then devoted to experimentally testing the porous
nickel arrays shown in the previous chapter. Some limited testing has been achieved with
the complete package described in Chapter 5; however, those devices have been plagued by
electrical breakdowns and alignment problems. More successful testing has been performed
using a temporary configuration which allows for separation of the grid and array structures.
Using this arrangement, strong emission was observed from arrays fabricated with and
without secondary etching, and using both EMI-Im and EMI-BF 4 ionic liquids.
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7.1 Experimental Apparatus
The experiments performed here have all been carried out within the MIT Space Propulsion
Laboratory Minivac vacuum chamber. The available equipment and generic configurations
used for the majority of experiments carried out in this research are described in this section.
7.1.1 Test Facility
Figure 7-1: The Minivac vacuum chamber at the MIT Space Propulsion Laboratory.
The 20 cm diameter, 50 cm long cylindrical chamber, Figure 7-1, is pumped by two
Varian V-70 turbopumps. Practically, the system can sustain operation at vacuum levels
as low as 2.0x10- 7 Torr if pumped for ~ 12 hours. The available equipment used in these
experiments are listed here:
" High Voltage Amplifier: Matsusada AMS-5B6 high voltage amplifiers capable of
t 5 kV. Two of these units were used, they are driven by an analog input voltage (1
V per kV) and include a monitor signal at 2 V per kV output voltage.
" Electrometer : Keithley 6514 high impedance electrometer and a Keithley 6517
electrometer. The later includes a built in voltage source frequently used to bias the
beam collector plate.
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" Current Amplifier: Keithley 338 current amplifier.
" Signal Generator: Agilent 33220A signal generator. Two of these units were
available.
" Oscilloscopes : Agilent Inifinium 1 GHz, 4 Ga/S and Agilent DS05014A 200 MHz
" ScopeMeter : Fluke 198 ScopeMeter, hand held digital oscilloscope
7.1.2 Beam Current Measurements
Figure 7-2 is typical of the beam current measurements performed here. The source was
mounted some distance Lc from a collector plate which was biased to suppress secondary
electron emission. The current collected on this plate was then measured using a Keithley
electrometer. The distance Lc will be noted for each experiment and was typically set as far
as possible from the source, to safeguard the electrometers against high voltage discharges,
while continuing to capture the entire beam given an approximation to the beam angle. The
Keithley output was then been fed to an oscilloscope for visualization and data logging. Any
modifications to this generic setup are noted in the relevant sections. This includes some
occasions where, in lieu of biasing the collector plate itself, a biased high transparency
electrostatic grid was placed in front of the collector to suppress secondary electrons from
the collector plate. The Fluke 198 ScopeMeter indicated in the figure was used to measure
the emitted and intercepted currents whenever possible. The ScopeMeter itself is battery
powered and left floating. Recorded data was saved and downloaded to a computer using
an optical USB to serial adapter.
In processing the data from these measurements, the results have typically been plotted
as the magnitude of the observed current. Hence, typical IV curves presented here often
present both positive and negative beam currents as positive values with the polarity inferred
from the sign of the applied potential.
7.1.3 Time of Flight Measurements
A time of flight spectrometry apparatus described in detail by Fedkiw[58] has been used to
measure the composition of emitted beams whenever possible. Figure 7-3 is representative
of this setup for a given source. The electrostatic gate consists of tungsten wires which, when
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Figure 7-2: Schematic of the generic setup used to measure beam currents emitted from the
various sources tested here.
activated, sustain an electrostatic field which deflects the incoming beam. This provides a
fast interruption to the ion beam impinging on the collecting plate at Lt. When accelerated
through a prescribed potential, a beam of charged species with distributed charge to mass
ratios will manifest as a distribution of arrival times. For this research a primary goal of
these measurements was to determine if operation within the purely ionic regime was being
sustained using the various sources.
The data collected using this device has typically been recast into a species mass for
singly charged ions. Specifically, for a singly charged. axially directed beam, equation 7.1
provides the species mass for a beam accelerated through a potential V over a distance Lt
in time a time t. Plotting the data as a function of this metric, instead of time, provides a
means for comparing observed steps with known ion masses but is not equivalent to assuming
the beam is only singly charged. Current from multiply charged ions would create additional
steps which do not coincide with the expected species masses from singly charged ions.
spec= 2qV (7.1)
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Figure 7-3: Schematic of the time of flight setup used here. Details of this setup are available
in the references[58].
7.2 Preliminary Testing Part 1:
Emission from a Single Planar Porous Tungsten Emitter
Prior to this research, flat strips of porous tungsten emitters had been developed and tested
by Legge[70] (see chapter 2). This experiment was intended to confirm the assertion of chap-
ter 2, section 2.4.2, that planar porous emitters greater than 150 p tall with tip radii - 15
,pm could sustain pure ion emission and performance levels comparable to the experiments
made by Legge using flat arrays. A summary of the experiment and results is given here
while more details of this experiment can be found in a paper published during the course
of this research[73].
7.2.1 Source Description
Although electrochemical etching was used in this experiment, the test was carried out prior
to developing the etch station and techniques developed in this thesis. Here 30 % porosity
porous tungsten identical to that used by Legge was patterned with 30, 500 pm diameter
circular discs spaced 2 mm apart using a DuPont Vacrel dry film mask. This procedure
is described in more detail in the companion paper cited above. Etching was carried out
electrochemically in a simple 1N NaOH cell. The resultant etch was highly non-uniform but
yielded a few emitters of suitable geometry, one of which, shown in Fig. 7-4, was selected
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Figure 7-4: The emitter selected for testing emission from a single porous tungsten emitter
on a planar substrate.
for testing. This emitter featured an apex roughly 175 pm above the (uneven) tungsten
surface with a roughly ~ 15-20 pm radius of curvature at the tip.
The single emitter was isolated using the setup shown schematically in Figure 7-5(a). A
3D printed ABS plastic mount was secured to a larger teflon plate, upon which a manual
three axis stage was attached. The stage was used to position a 1 mm diameter loop of 0.25
mm diameter stainless steel wire around the tip. Planar alignment was confirmed with a
video microscope while the axial separation was set to a point where, using the microscope,
the tip was as close to level with the base of the extractor loop as possible. Figure 7-5(b)
shows a photograph of an initial attempt at alignment. The final configuration differed
in that the extractor support was moved to be perpendicular to the emitter plate in an
effort to reduce beam interception. Once aligned, the structure was loaded into the vacuum
chamber as a source and configured as in Fig. 7-2. Here the collector plate was positioned
1.5 cm from the single emitter and was not biased. The collected current was measured
using the Keithley 338 current amplifier. The array was wetted with EMI-BF 4 from the
front by applying drops directly to, and in the vicinity of, the selected emitter.
7.2.2 Beam Current Measurements
Figure 7-6 presents the applied potential and collected current measured while ramping
the applied potential magnitude from 0 to 2.5 kV over a 100 s period and simultaneously
alternating polarity at 0.5 Hz. The data shown are an average over 6 consecutive scans
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(a) Schematic of the source used in these experi- (b) Photograph of the configuration during devel-
ments. This source was then integrated into the opment. When acquiring the results shown here
generic setup of Fig. 7-2 for testing. the ring extractor support structure was modified
such that it approached the sample parallel to the
array surface in an effort to reduce beam intercep-
tion.
Figure 7-5: This source consisted of a low density array with a 1 mm diameter wire ring
extractor positioned over a selected emitter using a manual 3 axis stage. The entire assembly
(including stages) was then loaded into the vacuum system and fired towards a collecting
plate.
at these conditions. The vacuum pressure during these tests was below 5 x 10 -5 Torr.
(Note, the relatively low vacuum was likely due to the tendency for the ABS plastic mount
to outgas significantly)
The collected current has been plotted again in Figure 7-7 as a function of the applied
potential. In the figure, each data point has been generated using a least squares linear fit
to the current versus potential measurements for each half period. The indicated error bars
correspond to the statistical uncertainty resulting from the linear interpolation.
A limited set of measurements was performed at DC conditions to estimate the trans-
mission fraction of this source. Here the emitted current was measured by monitoring the
voltage drop across a 300 kQ resistor (Remit in Fig.7-2) using a hand held multimeter. The
recorded emitted and collected currents are shown in Figure 7-8 and indicate that approxi-
mately 70 % ± 10 % of the emitter current was measured at the downstream collector plate.
The intercepted current at the extractor was not measured.
7.2.3 Beam Spectroscopy
The source was then loaded into the time of flight configuration shown in Fig. 7-3. During
this test a small collector plate. housed in a 36.8 cm long extension tube was used as a
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Figure 7-6: Applied potential and collected currents observed from a single porous tungsten
emitter with a linearly ramped potential alternating in polarity at 1 Hz.
collector. The overall transit distance Lt was 72.6 cm using this configuration. With this
extension, smooth signals could be achieved but at the expense of only capturing a portion
of the beam. Time of flight measurements were made at 2.75 kV in both the positive
and negative polarities. In figure 7-9 the collected data have been plotted as a function
of species mass, using equation 7.1. As indicated in the figure the data coincide well with
known masses for EMI-BF 4 monomer and dimer species with a possible population of doubly
solvated negative ions.
7.2.4 Conclusions
These data can be compared with those measured by Legge for the flat arrays of the same
porous tungsten material[72, 70]. Over similar operating potentials Legge observed stable
currents from 10's of nA up to several pA. Specifically, up to 4.5 and 7.0 pA in the positive
and negative polarities respectively. In the experiments presented here, the minimum dis-
cernable currents detected were a few hundred nA's in both polarities and reached 5.8 and
4.8 pA in the positive and negative cases respectively. Although similar in magnitude, the
data collected here differ in symmetry compared with Legge where negative currents were
typically stronger than positive. However; in this experiment the collector plate was not
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Averaged Collected Current from a Single Porous W Emitter Operating at 0.5 Hz
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Figure 7-7: Collected current magnitude from a porous planar tungsten
data are averaged over 6 consecutive scans.
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Figure 7-8: Emitted and collected currents at the indicated set points. The
was not monitored continuously during the scans presented in Figure 7-7.
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Time of Flight Spectroscopy Measurements from a Porous W Emitter
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Figure 7-9: Time of flight data collected from a single planar porous emitter at t 2.75 kV
using EMI-BF4 propellant. The collector used here was positioned in an axially aligned
extension tube far from the source. As a result these data may not be representative of the
entire beam.
biased and therefore could have been prone to spurious currents due to secondary electron
emission from the plate to the chamber. These would manifest as an additional positive
current detected at the collector plate and could therefore have, to some degree, contributed
to the inverted symmetries.
The emitted and collected currents were not perfectly matched but, given the simple
extractor configuration, these results were promising. Any significant emission from sites
off the emitter tip would have been unlikely to reach the collector plate due to their high
beam angles. Combined with the beam spectroscopy measurements, these results support
the notion that a planar emitter can sustain pure ion emission at high currents using ionic
liquid propellants.
7.3 Preliminary Testing Part 2:
Externally Wetted Nickel Emitters
Ionic liquid sources were originally developed using externally wetted tungsten needles[37,
36]. Before proceeding with fabricating nickel based porous emitter arrays, this preliminary
study using externally wetted nickel needles was performed. The goals were to establish
if any unforseen chemical or, for example, hydraulic, interactions may be present when
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Figure 7-10: Externally wetted emitters were fabricated using a simple electrochemical
process. A 0.5 mm wire was lowered slowly, over ~ 20 s though a Pt loop electrode. and
then retracted over - 25 s. The wire was then held such that the tip was level with the
loop for a further 15 s.
using nickel which could prevent further development. The description below supplements
a paper presented at the 2010 Joint Propulsion Conference[61] focused on validating nickel
substrates.
The tests used EMI-Im and EMI-BF 4 to obtain electrospray emission on externally
wetted nickel emitters. Pure ion emission was confirmed by measuring the emitted current
using time of flight measurements. Additionally, the electrochemical double layer between
the ionic liquid and emitter was probed while alternating the emission potential. These
probe measurements were performed on both nickel and tungsten emitters in an attempt to
instill confidence in the ability for voltage alternation to suppress electrochemical reactions
on nickel in a manner similar to that observed with tungsten[37].
7.3.1 Fabrication of Externally Wetted Nickel Emitters
The externally wetted emitters were etched using a modified form of the procedure Cavallani[161)
used to create nickel field emission electrodes. Unlike the reference, physically rough emit-
ters were desirable to promote wetting while a relatively large tip diameter, consistent with
the 15-20 pm tips used on tungsten emitters[36], was targeted. The process is outlined in
Figure 7-10. A 0.5 mm diameter nickel wire was initially positioned within a loop, roughly
1 cm in diameter, of platinum wire with both electrodes immersed in a weak 0.05N hy-
drochloric acid electrolyte. A constant cell potential of 50 V was maintained during the
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Figure 7-11: SEM images showing an example of the emitters fabricated using the procedure
outlined in Fig. 7-10.
etch while moving the emitter within the platinum loop achieved variable shaping and sur-
face roughness. Specifically. the emitter was first lowered such that after approximately 20
s the tip was roughly 15 mm below the loop. Subsequently, the emitter was raised to be
level with the counter electrode over an additional 25 s before remaining level with the loop
for the final 15 s of etching. The initial lowering and raising of the wire had the effect of
inducing surface rouglinesses along a suitable length of wire while the final, steady, phase
achieved the desired tip radius. In the context of the electrochemical etching in the previous
chapter, the behavior during roughening was largely consistent with an etch not limited by
mass transport where etches favoring the crystal structure are typical. An example of the
emitters fabricated in this manner is given in Figure 7-11.
7.3.2 Experimental Configuration
These experiments were performed within the facility described previously. Vacuum levels
below Ix10-5 Torr were maintained throughout all experiments presented in this section.
Externally wetted emitters were configured as shown in Figure 7-12. The high voltage signals
were applied using the signal generator and both of the HV amplifiers listed at the beginning
of this chapter. An identical signal was input to both amplifiers while that connected to
the collector plate was biased to 50 V to prevent effects due to secondary electron emission.
The Keithley 6514 electrometer was used to measure the probe to ground potential while
the emitted current was monitored using the Keithley 6517 electrometer. The configuration
differs from the generic setup shown in Figure 7-2 in that the emitter was grounded with
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Figure 7-12: Experimental setup used to characterize the behavior or externally wetted
nickel emitters.
high voltages signals applied to the collector and extractor electrodes. The setup includes
a cylindrical platinum probe, 1.6 mm long with a 1.8 mm inner diameter, placed ~ 4 mm
from the tip of the emitters. The probe was filled with ionic liquid before the emitters were
passed through the cylinder until the tip was inline with the extractor hole. This ensured
wetting to the tip and continuous coupling between the probed and active ionic liquid.
Probe signals were interpreted as a measurement of the electrochemical double layer at the
ionic liquid to emitter electrode interface.
For time of flight measurements the collector plate was removed and the potential was
applied in the standard manner with the grid grounded, as in Fig. 7-2. These measurements
used a collector mounted within a 36.8 cm long extension housing as in section 7.2, such
that the total gate to collector distance was 79.5 cm.
Three diagnostic tests were performed using these emitters and the ionic liquids EMI-Im
and EMI-BF 4 . First, the emitted current was measured as a function of potential. Second,
time of flight data was collected and finally, the electrochemical double layer was probed at
varying emitted currents and potential alternation frequencies.
7.3.3 Emission and Time of Flight Spectroscopy
Figures 7-13(a) and 7-13(b) show representative data for the emission current. Here the
potential polarity was alternated at 1 Hz while its magnitude was ramped from zero. The
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Emitted Current from an EMI-BF 4 Wetted Nickel Needle Emitted Current from an EMI-Im Wetted Nickel Needle
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a) Emission from an externally wetted nickel nee- (b) Emission from an externally wetted nickel
die wetted with EMI-BF4 over three consecutive needle wetted with EMI-Im over three consecu-
scans. tive scans.
Figure 7-13: Emitted currents from externally wetted nickel emitters. The data points
represent the mean current at the mean potential for a half period of voltage alternation at
1 Hz. The error bars give one standard deviation from the mean.
data give the mean and standard deviation of emitted current for each half period. The
plots show three consecutive scans in each case and demonstrate that, although somewhat
unstable, the behavior between scans was generally in agreement. For both liquids, current
levels from a few hundred mA up to '- 1 MuA were recorded. Note that for EMI-Im, the emis-
sion increased gradually after roughly ± 1 kV before increasing at a rate more comparable
with that seen with EMI-BF 4. Unstable emission is not uncommon from externally wetted
emitters and may indicate that the emitter geometries and wetting path were not ideal.
This would not be surprising given the relatively untested etching scheme described above.
However; for the purposes of demonstrating emission from nickel these data are acceptable.
Time of flight spectroscopy measurements using EMI-Im on an externally wetted nickel
emitter are given in Figure 7-14. Here the known masses of EMI-Im monomer and dimer
(singly solvated) ions, see table 2.1, are plotted along with the measured signal. The
measurements are consistent with a beam dominated by monomer and dimer species at
all potentials. However: the ratio of species was not consistent between all extracting
potentials. For one case of positive emission, at 1.5 , a small portion of the signal
decayed relatively slowly beyond the scale plotted here. This could indicate a small droplet
population but the phenomenon was not repeated and may have been a measurement error.
Similar agreement was achieved for positive ion emission using EM-BF4. Measurements
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Time of Flight Spectroscopy Measurements from an Externally Wetted Nickel Needle
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Figure 7-14: Time of flight data collected using an externally wetted nickel emitter wet with
EMI-Im.
from negative ion beams with that liquid were not taken due to a malfunction within the
time of flight measurement hardware.
7.3.4 Probing the Electrochemical Double Layer
Probe measurements were then taken while operating the sources at a variety of currents
and alternation frequencies. Here the emitter potential polarity was alternated while the
magnitude was held constant. Externally wetted tungsten emitters, fabricated using the
method outlined by Lozano[36], were also mounted as in Fig. 7-12 and tested for comparison
with nickel. The data shown here are samples of a larger data set. Sample data for both
nickel and tungsten using EMI-BF 4 are given in Figure 7-15 at 10 s and 100 s alternation
periods. Similarly, Figure 7-16 presents data collected using EMI-Im with a 100 s period
of alternation for both nickel and tungsten. Finally, an example of the data for EMI-Im
on nickel for a 10 s potential period is given in Figure 7-17. No detailed model for the
expected, or predicted, probe behavior has been considered (see section 7.7.8 at the end of
this chapter for discussion in this regard), instead only qualitative observations were made.
The results generally showed that for relatively long periods on nickel, the probe po-
tential begins to saturate, while at lower periods a more saturated measurement was only
observed for one polarity. Compared with tungsten, known to react with EMI-BF 4[37], the
measurements are qualitatively similar for 10 s periods from a nickel emitter. However; at
a 100 s period, the signal from positive emission on the tungsten emitter was quite unlike
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(a) Probe measurements with the indicated cur-
rent draws in each polarity for a nickel emitter wet
with EMI-BF 4 with a 10 s alternation period.
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(b) Probe measurements with the indicated cur-
rent draws in each polarity for a tungsten emitter
wet with EMI-BF 4 with a 10 s alternation period.
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(c) Probe measurements with the indicated cur-
rent draws in each polarity for a nickel emitter wet
with EMI-BF 4 with a 100 s alternation period.
(d) Probe measurements with the indicated cur-
rent draws in each polarity for a tungsten emitter
wet with EMI-BF 4 with a 100 s alternation pe-
riod.
Figure 7-15: Representative data showing the charging and discharging of the EMI-BF 4
ionic liquid to metal interface at the indicated
(left side) and tungsten (right side) emitters.
periods and current levels for both nickel
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Figure 7-16: Representative data showing the charging and discharging of the EMI-Im ionic
liquid to metal interface at the indicated periods and current levels for both nickel (left side)
and tungsten (right side) emitters.
that for negative emission and both polarities on nickel. The previous work with tungsten
found that when emitting postive ions, the resulting reactions resulted in a discoloration of
the fluid, while when emitting negative ions gas evolution occurred. Hence, the irregular
shape for tungsten and EMI-BF 4 could be consistent with contaminating reactions. This
has not been confirmed directly. Using EMI-Im the measurements were relatively similar
between both materials.
All tests shown here favored negative ion emission on average. It is interesting to note
that this has been accompanied by a tendency for the probe measurements to approach a
more saturated signal when emitting negative ions. Recall that the potential magnitude
was constant while its polarity alternated. No circumstances of emission favoring positive
ions were recorded.
A complete understanding of these results would be beneficial in determining optimum
operation of these emitters, as will be demonstrated with the complete porous arrays tested
below where the results strongly suggest electrochemical reactions do occur even when
operated at 1 Hz. A successful model for such behavior would require understanding
the complete (bi-polar) problem to establish the underlying mechanisms driving the probe
signal. Despite the lack of a quantitative understanding, based on the similar results when
operating at 10 s periods for both metals and ionic liquids, the anticipation that operating
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Figure 7-17: Probe measurements with the indicated current draws in each polarity for a
nickel emitter wet with EMI-Im with a 10s potential alternation period.
at 1 Hz may suppress reactions was applied to the porous arrays tested below. Further
discussion of these results is presented in section 7.7.8.
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7.4 Microfabricated Porous Nickel Emitter Packages
The microfabricated arrays developed during this work have been tested both as part of
the complete package described in Chapter 5 and in a laboratory configuration intended
to demonstrate the array capabilities while relaxing some of the challenges inherent in the
completely packaged devices. Some of the electrical isolation problems experienced and the
best case of emission from a complete package are described in this section. Measurements
demonstrating the array capabilities using the modified configuration are then presented in
the next section.
7.4.1 Electrical Shorts Observed with Microfabricated Packages
MIT1692 2011101/12 20:24 L x180 500 um MIT1376 2010/09/20 15:58 x500 200 um MIT1373 2010109/20 15:55 x40 200 um
Figure 7-18: Examples of physical shorts found during attempted operation of the fully
microfabricated thrusters. Maintaining a clean device throughout testing was difficult as
the vacuum chamber was not housed within a clean environment.
Operation of the fully packaged thruster modules has been plagued by a number of
faults which typically manifest as moderate (kQ's) to large (100's of MQ) shorts between
the porous nickel emitter array and the electrostatic grids. On many occasions these were,
regrettably, found to be due to contamination during the assembly or testing phases. Ex-
amples of the resulting physical shorts are shown in Figure 7-18. On some occasions this
type of contamination could be removed through cleaning but otherwise resulted in total
loss of the sample due to the inability to disassemble the devices once fully bonded.
A more critical issue may be poor trapping of excess liquid by the silicon support struc-
ture. Two mechanisms were anticipated to prevent the conducting ionic liquid propellant
from bridging from the emitter array to the electrostatic grid above. First, the porous
nature of the substrate itself was formed of pores presumably much smaller than any other
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Figure 7-19: Side view of a fully assembled array showing epoxy which may be contaminated
with ionic liquid resulting in a short. The inner image shows the same epoxy on a sample
piece of silicon without any liquid.
feature on the device. Thus relatively strong capillary forces should maintain the liquid
within the substrate, so long as it remains at or below saturation. Additionally, the small
liquid trap described in Chapter 5 was intended to prevent any excess or errant liquid, added
through the rear feeding site, from tracking along the silicon surface to the extracting grid.
Despite these measures, post failure inspections have suggested that liquid migration
could have contributed to some of the observed shorts. Specifically, despite measured
impedances greater than 200 GQ during evacuation of the test chamber, many samples
shorted as soon as a potential (typically a few 100 V) was applied to the assembly. For
one such occasion the assembly was carefully broken to obtain an SEM image of the grid
to frame bond, Figure 7-19. The figure also includes a test sample of the same (H72) epoxy
cured on a sample silicon frame (oxide coated) without an array, extractor or ionic liquid.
While not conclusive, the smooth regions between exposed points within the epoxy may be
evidence of ionic liquid. It is unclear what path the liquid may have taken from the porous
array to reach this point.
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Figure 7-20: Modified epoxy locations for bonding the extractor grid and silicon frame along
with average emitter to extractor distances for the sample assembly tested below.
To counter this issue, a slightly more successful approach, suggested by colleagues devel-
oping the overall process[113], used the alternative Epoxy Resin described in section 5.3.1.
Here dots of the viscous epoxy resin were applied to the outside of the structure while the
upper and lower components were secured. On some occasions this method resulted in the
configuration, as in Figure 7-20, with the grid to frame epoxy kept outside the crucial gap.
However; this technique was prone to poor alignment, possibly due to differential thermal
drifts between the upper and lower support structures during curing. Furthermore, the
epoxy was often drawn into the tight frame to grid gap when heated, nullifying the benefits.
On a few occasions this technique held off electrical shorts long enough to gather some
preliminary emission data. The next section presents one example case.
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7.4.2 Best Case Operation of a Complete Thruster Package
(a) Photographs of the porous nickel array before and after bond-
ing to the gold coated silicon extractor grid.
(b) SEM images of the porous nickel array, fabricated using the pulsed etch-
ing process developed in the previous chapter. This array was not treated
with the secondary etch step to round the emitters.
Figure 7-21: Images of the sample array, before firing, used in this example experiment.
This array was fabricated using the pulsed electrochemical conditions described in the
previous chapter but was not treated with the secondary etch step. The array was packaged
using the externally applied epoxy as in Fig.7-20. The average emitter to tip distance was
measured using a microscope to be 140 ± 25 pm. The silicon extractor grid used here
was 100 pm thick, with 300 pm diameter holes and was coated with gold, as described in
section 5.5. Photographs of the array and final package, along with SEM images of the
fabricated emitters are shown in Figure 7-21. The package was wet with the ionic liquid
EMI-Im, using the rear feeding port and a syringe. Drops were added until the porous nickel
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substrate no longer quickly adsorbed the liquid. The package was then placed in a nitrogen
desiccator overnight, at which point a few more drops were added and quickly absorbed by
the material just prior to testing. The sample was not visibly saturated or overflowing.
The source was configured in the standard manner shown in Figure 7-2. with a biased
collector plate at 20 V positioned 24.1 mm from the extractor. Only the current collected
on this plate was measured during this test. Emission was started after evacuating the
chamber to below 2.2 x 10-7 Torr, this level was maintained throughout the test. The
potential polarity was alternated at 1 Hz at all times while the amplitude was ramped
from zero over a 20 second period. Four consecutive scans from 0 to ± 2.5 kV were made
followed by two scans from 0 to ± 2.75 kV. The collected data was typically noisy, but
with no noticeable high frequency signal discernable from the equipment background noise,
as shown in Figure 7-22(a). Due to this noise, a 10 point moving average was employed
in Figure 7-22(b) where results have been grouped and averaged for the two maximum
potential set points. Several 10's of pA were collected in both polarities. The current was
typically higher for the positive polarity, at a given potential magnitude, during these tests.
After making the measurements above, the potential amplitude was set to 2.7 kV, while
continuing to alternate at 1 Hz, and the collected current progression in time was observed.
This test lasted less than 2 minutes before an electrical short occurred and the test ended.
The data shown in Figure 7-23 are a compilation of three 40 second scans, omitting a short
(~ seconds) delay between each scan ending and the next beginning. The data has been
truncated at the point when, during the third scan, an electrical short was encountered.
Once these tests were complete. the array was examined in an effort to identify the
cause of the electrical short. No obvious cause (such as contamination) could be identified.
However; the inspection did reveal patterns of residue on the emitters, shown in Figure 7-24.
Possible explanations for this residue, also observed in some tests below, will be discussed
in section 7.7.7.
233
Complete Package Tests, Scans 1-4
25
+ Scan I
* Scan 2
o Scan 3
0 Scan 4
2-1 0
Voltage (kV)
+
oO
3
(a) Measured collected current from a complete thruster package at the
indicated emitter potentials.
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(b) Measured collected current from a complete thruster package at
the indicated emitter potentials using a 10 point moving average for
two sets of scans.
Figure 7-22: Magnitude of collected current from a fully packaged nickel array.
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Figure 7-23: Collected current evolution in time with a fixed potential amplitude, 2.7 kV,
while alternating the potential at 1 Hz. These data are a compilation of three 40 second
scans, the third scan ended prematurely due to an electrical short.
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Figure 7-24: Residue patterns visible on an array fired using the complete thruster package.
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7.5 Nearly Fully Microfabricated Emitter Packages
Due to the issues identified with the fully microfabricated packages, a simplified setup
has been used to demonstrate the capabilities of the emitter arrays. This setup, shown
schematically in Figure 7-25(a), uses the laser cut stainless steel grids spot welded, at
the corners, onto larger support plates (Kimball Physics, stainless steel eV part plates).
The emitter array has then been pasted to a separate support plate using double sided
SEM tape. The two parts have been aligned with a simple 3 axis alignment jig using the
markings and guides as described in section 5.3. In this setup, a temporary bond between
the support plate and the grid has been made farther from the array itself compared with
the completely packaged devices. The components were secured using double SEM tape
pasted onto alumina spacers. These spacers were then positioned on silicon sheets layered
with kapton tape to achieve good (see section 5.5) tip to extractor distances. These extra
silicon spacers are not shown in the schematic. This technique has two advantages for
laboratory testing. First, it typically eliminated electrical shorts by greatly increasing the
electrical path between the emitter array and extractor grid and removed a path for excess
ionic liquid to form a short. Second, it is a non destructive method. The grid assembly
can be easily removed from the array without any damage to either, thus allowing the same
grid to be used on multiple arrays and for mis-aligned or physically shorted arrays to be
easily corrected with minimal damage to sensitive components.
Three beam emission experiments have been performed with this configuration. First
emission from an array without secondary etching has been tested with EMI-Im, next a fully
processed array is tested with the same liquid and finally another fully processed array has
been tested with EMI-BF 4. In all cases the setup was loaded into the standard configuration
of Fig. 7-2 for emission testing with the collector plate 24.7 mm from the extractor.
7.5.1 Sample Array 1 :
Single Etch Step with EMI-Im Propellant
The array shown in Figure 7-26 was etched using only the first etch step in section 6.6. The
array was somewhat over-etched leaving many emitters too sharp for secondary etching.
A representative variety of emitters are shown in the figure. The upper right figure shows
a topographic view of one particularly over etched region on the array. Structures in this
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(a) Metal grids, shown in chapter 5, have been mounted on (b) Photograph of the simplified as-
stainless steel plates and bonded, temporarily to the emitter sembly used to test arrays in this sec-
arrays using double sided tape. tion.
Figure 7-25: A simplified, non-destructive, assembly has been used to test the emitter array
capabilities in this section.
region resembled the dull mound in the bottom right of the figure and were not expected to
yield emission. After assembling the source as described above (Fig. 7-25(a)) it was wetted
with EMI-Im through the rear feed port in the same manner as described in the previous
fully packaged test, section 7.4.2. The emitted and intercepted currents were measured
using the ScopeMeter with 97.8 k and 106.8 kQ resistors on the emitter and grid lines
respectively. Typical emitter tip to extractor distances were roughly 120-150 pm, estimated
based on the emitter heights and spacings on the support structures.
Initial measurements were performed with an alternating potential at 1 Hz and fixed
magnitude. However; the recorded data were highly unstable, see Figure 7-27. This issue
was later tracked down to a breakdown in the Fluke ScopeMeter leading to a current
leak at negative potentials (see the next section). With positive potentials only, stable
and relatively steady collected currents were achieved when ramping the applied potential
from 0 to 2.0 kV with a 10 second period. Once the minimum potential for measurable
current was observed to be greater than 1 kV, subsequent scans were made from 1.0 to
2.5 kV, again over 10 seconds. Examples of these results are summarized in Figure 7-28.
Figure 7-28(a) gives the emitted, collected and intercepted currents as measured during one
scan. Although every effort was made to ensure these data were taken during the same
10s scan, this was difficult due to the inability to externally trigger (and hence ground) the
ScopeMeter. The data may therefore have been offset by a period of the complete ramping
signal on some occasions. The collected current was roughly 70 % the emitted current. The
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Figure 7-26: SEM images of the array tested here. This array included a large swath of
over etched structures localized to one side of the array, a portion of this region can be seen
in the upper right corner.
current generally decreased as time progressed, as shown in Fig. 7-28(b) where subsequent
scans of the collected current (every 10 seconds) are plotted after smoothing each curve
with a 10 point moving average.
These tests were halted before any short was detected. The setup was then disassembled
and examined visually and using the SEM. Evidence of interception was clearly visible on
the extractor grid and some discolouration was observed on the emitter array, Figure 7-29.
The discolouration and grid damage were both localized to the region of sharp emitters
suggesting that, as expected, the large number of over etched structures, shown in Fig.
7-26 may not have been active during emission.
Inspection within the SEM revealed that, unlike Fig. 7-24, although residue was present
it was concentrated in regions between the emitters rather than around the emitters them-
selves. An important distinction, to be discussed in the context of electrochemical reactions
in section 7.7.8, was that this array was primarily operated in the positive mode only.
Although some alternating potential scans, as shown in Fig. 7-27 were performed, they
occurred at relatively low potentials, and hence currents, and only exceeded 10 pA of ap-
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Current Measurements with a 1Hz Input Signal
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Figure 7-27: Preliminary testing while alternating
strong, unsteady, emission at negative polarities.
1 2 3 4 5
the potential polarity at 1 Hz revealed
parent negative emission for roughly 1 minute. As mentioned above, the actual device
current in the negative mode may have differed from these measurements due to hardware
malfunctions.
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Emitted, Collected and Intercepted Current at Positive Potentials
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(a) Samples of the emitted, collected and intercepted currents measured with this
device. The collector current was typically 70 % of the emitted current.
Collected Current for Subsequent Potential Sweeps
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(b) The collected current was observed to decay over time. Here the data have
been smoothed with a 10 point moving average to highlight the decay.
Figure 7-28: Sample data acquired with from an array without secondary etching and
configured as in Fig. 7-25(a).
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Figure 7-29: Photograph of the assembly after testing. Both the
were discolored in the vicinity of the relatively sharp emitters.
array and extractor grid
(a) SEM image at 40x (b) SEM image at 100x
Figure 7-30: SEM image of the array tested in this section showing deposits largely between,
rather than on, the emitters.
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7.5.2 Sample Array 2 :
A Complete Porous Emitter Array with EMI-Im Propellant
uWrTh OhI~ 2O 3L .20 W MT1733 2011001 2032L X10
MIT1731 2011/01/13 20:30 L x30 2mm MIT1739 2011/01/13 21:16 L x50 2 mm
Figure 7-31: SEM images of the array tested here using EMI-Im. This array was fabricated
using the final, two-step, etch process outlined in chapter 6.
The array shown in section 6.5 as an example for the secondary electrochemical etch
using doped electrolytes was then mounted into the identical (including grid) structure as
in the previous section. Figure 7-31 shows SEM images of this array before operation.
The average tip to grid distance was measured, using an optical microscope, to be 120 Pm
with a large deviation of up to 25 pm between the edges and center the grid primarily due
to the imperfectly flattened metal grid. This array was tested on two occasions without
disassembly between test sessions. The sample was wetted with EMI-Im in the same manner
as above and tested for emission. Subsequently the assembly was cleaned out (see below),
more liquid added and tested again. The two test sessions are discussed in turn.
Test Session 1
Due to the apparent issues with negative emission found above, measurements from this
array were first made at a single polarity (starting with positive) before proceeding to AC
testing. In the context of electrochemical concerns the chronology of testing may play an
important role and so the results will be presented in the order they were measured. At
the beginning of this test the vacuum level was 7.4 x 10-6 Torr and continued to decrease
throughout.
First a positive potential to the emitter was applied using a 0.75 to 1.5 kV ramp, in the
242
. ..... ....................... ........ ... .. .....
Emitted Current Measured Over 4 Scans
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(a) Measured emitted currents at positive potentials over 4 consecutive scans.
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(b) Measured collected currents at positive potentials over 4 consecutive scans.
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(c) Measured intercepted (at the grid) currents at positive potentials over 4 consecutive
scans.
Figure 7-32: Positive emission data from test session 1.
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same manner as in the previous section, with a 10 second period. Four scans were made in
total. No spurious spikes on the measurement equipment were observed during these tests.
The emitted and intercepted currents were measured with the same resistors and ScopeMe-
ter as in the previous section. The measured emitted, collected and intercepted currents
over four subsequent scans are plotted in Figure 7-32 without any smoothing. It should
be noted that the measurement noise was influenced greatly by the high voltage supply.
Specifically. if any common ground other than the primary ground point was established
between the data logging oscilloscope and the high voltage supplies, the noise increased.
Thus achieving no noise came with the tradeoff of removing the high voltage monitor signal
meaning synchronizing the applied voltage and collected current had to be done manually.
This has resulted in slight errors during the time to potential conversion, as can be observed
on the the raw data (eg. the large current spike at 0.75 kV in Fig. 7-32(b)).
Averaged Emitted, Collected and Intercepted Currents at Positive Potentials
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Figure 7-33: Smoothed emitted, collected and intercepted currents at positive potentials.
Given that the variations between scans were small (compared with the measurement
noise), the data have been combined and smoothed with a 10 point moving average in Figure
7-33. The collected current was typically between 88 and 95 % of the emitted current with
the majority of uncollected current observed at the extractor.
Similar scans were then performed at negative polarities. Here the potential was linearly
swept from 0 to -1.25 kV over 10 second periods. All measurements (emitted, collected and
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intercepted) contained high amplitude instabilities as the potential exceeded roughly -1.09
kV. The data are presented in Figures 7-34. Omitting these transients, the fractional
collected current decreased from greater than 80 % at low voltages to (approximately) less
than 70 % within the unstable region.
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(a) Measured emitted currents at negative potentials over 4 consecutive scans.
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(b) Measured collected currents at negative potentials over 4 consecutive scans.
Intercepted Current Measured Over 3 Scans
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(c) Measured intercepted (at the grid) currents at negative potentials over 4 consecutive
scans.
Figure 7-34: Negative emission data from test session 1.
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Example of a Ramped Potential Scan Alternating at 1 Hz
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-0.5 -100
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Figure 7-35: Example of the current collected while ramping the potential magnitude from
0 to 1.4 kV over a 20 second period and operating with an alternating polarity of 1 Hz.
The behavior under polarity alternation was then considered beginning with several
scans using a ramped voltage magnitude with the polarity alternating at 1 Hz. Examples
of the collected current and the applied potential as a function of time are given in Figure
7-35. During these tests the collected current was observed to begin decaying significantly
with each subsequent measurement. In order to study this decay, the potential was set at ±
1.5 kV while the collected current was monitored over a period of roughly 17 minutes. The
current, plotted in the upper two portions of Figure 7-36 quickly decayed over the first few
minutes before setting into a more gradual decline. Note the change in scale between the
upper and two lower figures. The device was operated continuously between scans 1 and 2
with only a few seconds lost restarting the data logging between the plots shown. After the
second scan, the device was turned off for a period of 10 minutes and restarted under the
same conditions. Another 8.5 minute run, the lower plot in the figure, was then performed
but no significant deviations were observed and current continued to slowly decrease.
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Collected Current Decay over Time with ±1.5 kV Applied at 1 Hz
1001 1 I I I I
Scan 1
1 2 3 4 5 6 7 8
20K 1 1
Scan 21
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After 10 minute
Scan 3
shutdown
0 1 2 3 4
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5 6 7 8
Figure 7-36: Measured current variation in time with t 1.5 kV of applied potential alter-
nating at 1 Hz.
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Figure 7-37: Emitted, collected and intercepted currents measured after the
long duration tests shown in Figure 7-36.
(relatively)
Immediately after these relatively long duration scans another potential magnitude
sweep (with polarity alternation at 1 Hz), similar to that shown in Fig. 7-35 was per-
formed. Here the potential magnitude was ramped from 0 up to 2 kV over a 20 second
period. Figure 7-37 demonstrates that despite the observed decay, high currents and low
interception fractions could still be achieved. However, as shown in Fig. 7-38, where the
collected current of Figures 7-35 and 7-37 have been plotted as function of potential, much
higher potentials were required to achieve the same currents observed before the decay.
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Figure 7-38: Collected current measured while alternating the emitter potential at 1 Hz
and ramping the magnitude over a 20 s period before and after the, relatively, long duration
testing of Fig. 7-36
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Collected Current Decay over Time with ±2.25 kV Applied at 1 Hz
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Figure 7-39: Observed
magnitude.
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current decay while alternating the polarity at 1 Hz with a 2.25 kV
The time dependant behavior was then observed again, with the potential set to alternate
again at 1 Hz but with ± 2.25 kV applied. These data are shown in Figure 7-39. Although
the output initially rose, it soon decayed again after just over 1 minute. The decay continued
over two consecutive scans totalling just under 17 minutes, at which point the average
current had dropped by nearly an order of magnitude.
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Figure 7-40: Input voltage and collected currents using a sawtooth wave from -1.4 to +1.4
kV over a 20 s period.
After firing and imaging the array. more ionic liquid was added in an effort to establish
wether liquid depletion could have had an impact on the current decay over time. However;
after exposure to vacuum at this stage an electrical short was detected and liquid appeared
to have violently vacated the porous array. Without disassembling the source, filter paper
was used to wick away excess liquid bridging between the extractor grid and the array.
While EMI-Im is normally clear, the liquid removed in this manner was bright yellow in
color. As much excess liquid as possible was removed in this manner, including from the rear
feeding port. It was unclear to what degree the porous nickel was saturated at this point
but. with the electrical short removed the device was loaded back into the test configuration
and operated again.
At the beginning of these tests significant perturbations to the observed signals were
present depending on wether the ScopeMeter was connected. It was therefore removed
for the majority of tests leaving only the collected current measurements, but at greatly
reduced noise levels, particulary in the negative operating polarity. Ramped measurements
were then made using a sawtooth input to the potential. Figure 7-40 presents an example
of the input signal and the unprocessed data collected in this manner.
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Collected Currents for Subsequent Data Sets, 1Opt Moving Average
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Figure 7-41: Magnitude of collected currents collected over subsequent data sets. After
reaching peak emission in excess of 350 and 400 pA in the negative and positive modes
respectively, the emission began to decay.
Figure 7-41 presents a set of subsequent scans acquired in this manner. In the plot each
scan has been smoothed with a 10 point moving average to assist in highlighting the shift
between sets 1-2 and sets 3-4. With the input potential set to reach t 1.6 kV the collected
current exceeded 350 and 400 pA in the negative and positive modes respectively. However;
after acquiring these data, subsequent scans yielded lower currents at a given potential, or
equivalently a shift higher potentials to maintain the same current.
After observing this shift the data shown in Figure 7-42 was collected during two subse-
quent scans with the ScopeMeter connected to the emitter line only. While these measure-
ments demonstrated that transmission fractions comparable to those measured during the
first test session, Figures 7-33 and 7-34, were maintained they also signalled the current was
beginning to rapidly decay. The device was then shut down with the intention of acquiring
beam spectroscopy using the time of flight apparatus. However; hardware problems with
the time of flight apparatus prevented these measurements.
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Emitted and Collected Currents, Set 1
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(a) Magnitudes of the emitted and collected currents.
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(b) Magnitudes of the emitted and collected currents measured immediately after
the data plotted above.
Figure 7-42: Emitted and collected current during the second test run of this sample. The
emission had begun to decay rapidly leading to difficulties synchronizing the Keithley and
ScopeMeter measurements.
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Comparing Test Sessions
The change in collected current between the two test session can be seen in Figure 7-43.
The curves show data collected before any significant current decay had occurred. After
removing the ScopeMeter, more stable current was collected in the negative operating mode,
Figure 7-43(a). However; the curve has shifted to higher potential. In the positive mode,
Figure 7-43(b), the onset potential and current magnitudes are comparable at low currents
but begin to diverge with higher emission. Recall that between these test sessions the current
decayed significantly during (relatively) long duration tests. The sample was cleared of a
yellow colored liquid and more liquid was added. The reasonable agreement in Fig. 7-43(b)
suggests that liquid contamination, rather than damage to the nickel surfaces may have
been a primary cause for the observed decay. However; between these two tests the state
of the propellant within the pores may be one of the greatest uncertainties contributing to
the observed performance. A more sophisticated method for filling the arrays may assist in
this regard.
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Collected Current at Negative Potentials during Two Test Sessions
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(a) Magnitude of collected currents at negative emitter potentials demonstrating
a clear shift between test sessions.
Collected Current at Positive Potentials during Two Test Sessions
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(b) Magnitude of collected currents at positive emitter potentials. Compared with
the adjacent negative emission, these data are in better agreement.
Figure 7-43: Magnitude of the collected currents during both test sessions.
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(a) Extractor grid after the first (b) A typical emitter and grid (c) Enhanced view of a typical
test session. orifice after the first test session. emitter after the first test session
showing no signs of residue.
Figure 7-44: SEM images of an array fired with EMI-Im between two test sessions.
Physical Observations after Testing an Array Emitting EMI-Im
After each test session described above, the array was imaged both photographically and
using the SEM. Figure 7-44 presents SEM images of the extractor and emitters after the
first test session. These images demonstrate that the alignment during this test was not
ideal, the emitters were ~ 20-40 pm from the center for the extractor orifices. Recall that
this array was operated at 1 Hz for roughly 25 minutes, re-characterized and operated for
another 16 minutes. However; no obvious residue could be seen on the emitters after this
test.
After the second test session both the emitters and extractor grid appeared to be coated
with residues when viewed with the SEM. In Figure 7-45 the dark, coated, emitters can
be seen through the extractor in the upper left of the figure. With the extractor removed.
the residues on the emitter array were observed to be concentrated around the emitter tips.
Along one region, shown at low zoom in the upper left of the figure and enhanced zoom
below, significantly more material was observed and appeared to bridge between emitters
at some locations.
Photographs of the array, Figure 7-46(a), show the complete package after both test
sessions. This package was not cleaned or altered between either these sessions or those
presented in the previous section for a single etch step array. The material deposited on
the source varied between a light blue to yellow color. This may have been caused by
backsputtered material from the collector plate. The collector plates for sessions 1 and 2
are shown in Figures 7-46(b) and 7-46(c) respectively. New collector plates were used for
each test. After the first session the emission caused a relatively dense, dark yellow buildup
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Figure 7-45: After a second test set, without relatively long term operation significant
deposits were evident on the emitters. These were mostly concetrated near the emitter tip.
The metal grid (upper left), showed evidence of a thin, uneven coating.
(a) Photograph of the source (b) Photograph of the collector plate
after both test sessions. used during the first test session.
Figure 7-46: Photographs of the source and collector plates
EMI-Im wetted array.
(c) Photograph of the collector
plate used during the second test
session.
after two test sessions with an
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Figure 7-47: The array was tested with EMI-Im was removed from the source mount and
cleaned using the solvent clean procedure described in section 6.2.2, the residues appears
to have been removed.
in the upper left corner of the plate along with faint circular patterns around each of the
corner support holes where mount spacers masked the plate. After the second test session,
the new collector plate was again coated in a similar but more conformal material as can
be seen in Fig. 7-46(c). As discussed at the end of this chapter, these observations suggest
that, to some degree, the arrays may have been emitting charged droplets in lieu of, or in
addition to, ions.
The array was cleaned using the solvent procedure outlined in section 6.2.2 after these
tests. No lasting damage is visible in Figure 7-47 despite the significant deposits shown in
Figure 7-45. No additional data was collected using this array after cleaning.
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7.5.3 Sample Array 3 :
A Complete Porous Emitter Array with EMI-BF 4 Propellant
The second test of a fully processed nickel emitter array used EMI-BF 4 as propellant. Here
the array shown in Figure 7-48 was mounted and aligned in the manner described in the
previous section, however a new laser cut grid was used compared with the tests above.
The average emitter to extractor distance was measured using an optical microscope to be
140 pm i 25 pm. The array was filled with EMI-BF 4 in the same manner as the tests
above, however during this test the filling mass was measured to be 45.1 mg of propellant.
Note that the EMI-BF 4 , which is known to adsorb water vapor, was outgassed within the
vacuum chamber just prior to filling the array. This array was again tested during two data
sessions, however; unlike the EMI-Im case above the decision to break into two sets was
caused by a physical short, presumably similar to those shown in Figure 7-18, and not a
decay in current.
Figure 7-48: SEM images of the array used to
not the same array used with EMI-Im but was
fabrication process.
test emission using EMI-BF 4 . This was
fabricated using the identical, complete,
Test Session 1 : IV Measurements
The initial pressure at the beginning of these tests was 6.5 x 10-6 Torr. As in the EMI-Im
tests of the previous section, the ScopeMeter was detached from the setup throughout the
majority of tests to reduce measurement errors. A sawtooth input was then used to drive
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the emitting potential while observing the collected current. These scans were made over
a 20 second period with symmetric peak voltages. In Figure 7-49 a sequence of tests has
been plotted with increasing peak emitter voltages. In each curve a moving average over
the number of consecutive scans at each condition (1 to 3) has been performed. As with
the tests above, the array demonstrated strong currents could be achieved at relatively low
extracting potentials. The emission current was held to the levels shown in an effort to
prevent any current dependent decays occurring prior to the potential alternation testing
below.
Collected Currents using EMI-BF4 Propellant
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Figure 7-49: Magnitudes of the collected current measured using an array wetted with
EMI-BF 4 over 5 scans. The applied potential was held low to minimize the net emission in
advance of, relatively, long duration AC testing.
The ScopeMeter was then connected to the emitter array for three scans from -1.05
to 1.05 kV to measure the emitted and collected currents simultaneously. In Figure 7-50
the three scans have been combined and the currents averaged using a three point moving
average. The emission was held to levels even lower than in Fig. 7-49 in an effort to prevent
spurious measurements due to the ScopeMeter. The emitted and collected currents were in
good agreement with little deviation visible within the measurement noise. Some brief (10's
of seconds) testing at 1 Hz was then initiated with the array but a physical short arose.
The device was shut down, removed from vacuum and checked out prior to further testing.
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Emitted and Collected Currents Measured with the EMI-BF 4 Array
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Figure 7-50: Emitted and collected currents using EMI-BF 4. The curves have been
smoothed with a 3 point moving average.
Test Session 2 : Operation at Alternating Potentials
The short was removed with a gentle spray of clean nitrogen and the sample was reloaded
into the chamber. The collected current behavior over time with alternating potentials
applied was then measured. In order to increase accuracy during these long duration tests,
the Keithley electrometer output was read by a data acquisition system (the same device
used in the etch station described previously) capable of logging data continuously at a
higher rate than the Agilent DSO5014A scope over long time periods. This acquisition
system had a maximum input voltage of 10 V, and hence required the collector plate be
reduced to 8 V in order to maintain full scale accuracy from the Keithley electrometer which
outputs a ± 2 V proportional signal for monitoring the current.
Four consecutive scans have been made with both the alternation frequency and poten-
tial magnitudes varied between each scan. The measured currents during these tests are
shown in Figure 7-51. In the figure. each test was made in succession with the source briefly
turned off in between. During the first scan, Fig. 7-51(a), the polarity was alternated at
1 Hz with a magnitude of 1.11 kV. Although the current decayed slowly the fast decline
observed with EMI-Im at 1 Hz, Fig. 7-36, was not observed. After 9 minutes of operation
the voltage was increased to ± 1.14 kV to exceed 100 pA of collected current and the po-
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Current Variation in Time with± 1.11 kV Applied at 1 Hz
I low 0 1 2 3 4 5 6 7 8
Time (min)
(a) Current evolution in time with a fixed, ± 1.11 kV at 1 Hz applied to the array.
Current Variation in Time with± 1.14 kV Applied at 2 Hz
1 2 3 4 5 6 7 8
Time (min)
(b) Current evolution in time with a fixed, ± 1.14 kV at 2 Hz applied to the array.
Current Variation in Time with± 1.15 kV Applied at 4 Hz
0 1 2 3 4 5 6 7 8 9
Time (min)
(c) Current evolution in time with a fixed, ± 1.15 kV at 4 Hz applied to the array.
Figure 7-51: Alternating potential scans made in succession with the device turned off
between scans.
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larity alternation frequency was increased to 2 Hz. Under these conditions, the collected
current decayed slowly before quickly reducing by roughly a factor of 4 after 7.5 minutes.
The test was stopped such that more testing could be attempted prior to further decay.
The frequency was increased to 4 Hz and the potential increased to ± 1.15 kV. Here the
collected current decayed rapidly over the first few minutes before settling at roughly t 10
pA.
Current Variation in Time with± 1.17 kV Applied at 1 Hz
150
100
S50
0
-50
-100
0 1 2 3 4 5 6 7 8 9
Time (min)
Figure 7-52: Alternating potential measurements made after the initial runs above. The
potential was set to ± 1.17 kV at 1 Hz.
After these scans an additional test at 1 Hz polarity alternation was attempted to
determine if the emission observed in Fig. 7-51(a) could be recovered to any degree. At 1
Hz again, significantly higher potentials were required to induce emission at the levels seen
previously. Ramping the potential to ± 1.2 kV resulted in an electrical discharge causing
the high voltage amplifiers to shut down. Somewhat stable emission was re-established at
± 1.17 kV but was generally unstable at negative polarities. Under these conditions a final
8.5 minute set of data was collected, see Figure 7-52. During this scan the collected current
was highly non uniform, with more negative than positive currents measured throughout.
As in the EMI-Im test above, the chronology of the tests may have contributed to
the results. Specifically. it is unclear to what degree increasing the potential alternation
frequency contributed to the current decay in, for example, Fig. 7-51(b). Perturbations
to the emitters or liquid leading to the decay may have been induced by the previous
measurements and may or may not have any direct correlation to the potential alternation
conditions.
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(a) Photographs of the source and collec- (b) Photographs of the source and a
tor plate after the initial IV characteriza- new collector plate after longer dura-
tion. tion AC testing.
Figure 7-53: Photographs of the array and collector plates after each test set.
Physical Observations after Testing an Array Emitting EMI-BF 4
The array was photographed between the two test sessions and after the final alternating
potential tests. Between tests some, presumably, back sputtered material could be seen on
the array and support material, Figure 7-53(a) upper. The collector plate, the lower image,
was mostly clean with a slight discoloration near the center. After the longer duration AC
testing, the source was coated further, the coating had a blue tinge with yellow shadowing
at the edges, Figure 7-53(b) upper. In the lower Figure, the collector plate was observed to
be very clean. Some minor variations can be see at the corners where the ceramic spacers
shielded the beam.
After the final test, the source was imaged using the SEM. Figure 7-54 gives some
representative sample images. Similar to what was observed during the second set of EMI-
Im testing, the emitters appear to be coated in material. The figure demonstrates examples
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of both completely covered emitters and some with the tip exposed. The exact source and
composition of this material is unknown but will be discussed further in section 7.7.7.
Figure 7-54: SEM images after firing an array wetted with EMI-BF 4.
This array was also cleaned after testing. However; a single run of the solvent clean did
not remove all deposits, as shown in Figure 7-55.
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Figure 7-55: The array tested with EMI-BF 4 was removed from the source mount and
cleaned using the solvent clean procedure described in section 6.2.2. In this case a region
of coated emitters remained at the center of the sample.
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plate
HV Source V
SS support plate
Figure 7-56: Schematic of the setup used to observe patterns induced on a stainless steel
collector plate from porous nickel emitter arrays.
7.6 Ablation Testing
Two arrays have been isolated and configured, as in Figure 7-56. to fire against a stainless
steel plate positioned just above the array. First an array fabricated using an early iteration
of the fabrication process described in Chapter 6 was selected. This array was etched under
constant voltage conditions, with no secondary etching, and hence was characteristically non
uniform and featured emitters with sharply defined plateaus of varying diameter. Second,
an array fabricated using the complete process, using pulsed etching and a secondary etch
was tested in the same manner. These simple tests were intended to generate ablation
profiles on the stainless steel plate which could provide some qualitative insight into the
operating characteristics on a per emitter scale. In particular they were intended to verify
if multiple emission sites can form on each porous emitter.
7.6.1 Array of Plateau Type Emitters
This array. shown in Figure 7-57(a) before the test, was configured with the support to
collector spacing, Lpiate, set to 1.91 mm and the support to emitter height, Harray was 1.7
mm ± 45 pm. The high degree of inaccuracy was due to the non uniform nature of this
array. The corresponding distance from emitters to the collector was therefore 210 ± 45
pm. The array was wetted, from the rear feeding port, with EMI-BF 4 and operated with
± 1.6 kV applied at 1 Hz for roughly 40 minutes. The emission current began oscillating
between roughly 200 and -150 pA and decayed significantly over the course of the tests.
This current measurement was likely significantly influenced by secondary electron emission.
These results were previously described at the 2010 Joint Propulsion Conference[61] as
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MIT0902 2010/07/14 14:46 x30 2 mm MIT0963 2010/07/15 2220 x40 2mm
(a) Porous nickel array before ablation testing. (b) Observed patterns on a stainless steel plate
after collected current emitted from the adjacent
array.
Figure 7-57: SEM images of an array of emitters etched using a constant voltage process,
before firing, and a stainless steel plate after ablation testing with this array.
evidence for emission from porous nickel arrays.
In Figure 7-57(b), selected patterns observed on the stainless steel plate after firing are
highlighted for comparison with the labeled emitters in the adjacent figure. The patterns are
characterized by small bright circles bounded by larger halos roughly 320 pm in diameter.
7.6.2 Fully Processed Array
The metal to silicon epoxy bond on this array failed after the final cleaning stage but was
bonded to the assembly again. Despite the reasonable uniformity and emitter shapes, the
lack of alignment with the frame which resulted from bonding it back to the silicon after
processing led to it being selected for this test. The sample was loaded as in Fig. 7-56,
again with the collector to support plate distance at 1.91 mm. Due to the added epoxy, one
region of emitters was raised higher than the others. Specifically, one corner of the array
was positioned such that emitters there were roughly 60 pm closer to the collector plate
than elsewhere. The plate to tip gap in this region, for a typical emitter, was as low as
50 pm. The array was fired against a plate such that 100 pA of net current was initially
achieved while alternating the polarity at 1 Hz. The sample was saturated, from the rear,
with EMI-BF 4 (42 mg was added).
After firing, the array and extractor were disassembled and imaged separately while
noting the orientation of the ablation pattern. Figure 7-58 highlights two regions on the
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MIT2191 2011/02122 20:54 L x50 2mm MIT2171 2011/02/22 18:12 L x40 2mm
(a) An array of emitters, after firing, showing (b) Patterns observed on a stainless steel collector
residue build up around a portion of the emit- plate with the highlighted segments correspond-
ters. Due to an epoxy failure, this array was not ing to the emitters in the adjacent figure.
seated flat within its silicon frame.
Figure 7-58: SEM images of an array etched using the pulsed etching procedure, after firing,
and the collector plate showing patterns from the corresponding segments of emitters.
array and the corresponding markings on the extractor grid positioned above. In segment
1 the emitters are relatively sharp, compared with segment 2 where an assortment of tip
radii are present. In all cases, the collector plate shows two distinct types of feature from
each emitter. A large, nearly circular, pattern with radius very close to the emitter spacing
(450 pm) along with one, or more, bright circles of varying diameter. At the center of each
bright circle a darker, possibly protruding, region can often be seen.
The two segments have been isolated and the collector patterns matched with specific
emitters. In Figure 7-59, the relatively low tip radii emitters have resulted in mostly one
or two bright circular patterns bounded within the larger perimeter pattern. The centers
of the bright patterns do not inherently correspond with the centers of the larger circles.
In Figure 7-60, the second segment has been isolated. Here the emitter tips were typically
larger than in segment 1. The collector plate patterns again feature larger bounding circles
at most points; however, these emitters have typically produced several bright spots within
each region. Note that in some cases, tips 1 and 2 for example, the larger bounding circle
is much more faint, despite relatively intense bright patterns.
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MIT2168 2011/02/22 18:08 L x100 1 mm - -- 1a
Figure 7-59: Correlations between emitters and observed patterns for relatively low radii
emitters, segment 1 in Fig. 7-58(a).
MIT2169 2011/02/22 18:10 L x80 1 mm
Figure 7-60: Correlations between emitters and observed patterns for relatively high radii
emitters, segment 2 in Fig. 7-58(a).
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MIT0961 2010/07/15 22:18 x80 1 mm MIT2169 2011/02/22 18:10 L x80 1 mm
(a) A section of the observed profiles shown in (b) A section of the observed profiles shown in
Fig. 7-57(b) produced by a highly non uniform Fig. 7-58(b) produced by a relatively uniform,
array etched with a single step. but poorly bonded, array etched using two steps.
Figure 7-61: Comparing the patterns observed using a single step etch (left) and a two step
etch (right) after emission against stainless steel plates.
7.6.3 Interpretation of Observed Patterns
Samples of the plate patterns acquired from the two different arrays are shown in Figure
7-61. Here it is clear that during the first test the emission typically produced patterns of
several bright circles within each larger bounding region, while using the fully processed
emitters the patterns yield fewer bright regions with larger radii. The inaccuracies and
differences in emitter to collector spacing measurements make comparing the sizes of the
bright regions difficult. However; typically the emitters in the second test were closer than
the first. If the pattern sizes were governed simply by beam spreading an opposite trend
would be expected in this regard.
Further testing would be required to gain more quantitative, or simply more definitive,
comparisons between these two cases. For example, direct visualization of the beam, as
has been done previously with individual externally wetted ILIS[54], would be interesting if
the individual beamlets can be resolved. In general these basic tests suggest that emission
from the plateau type emitters may yield more emission sites, however these tests can not,
accurately, establish if the emission was continuous from each site or if the patterns represent
an unstable situation with emission occurring from only some points at any given time.
Gassend[50] performed a similar series of experiments using externally wetted silicon
arrays. He observed that for low current operation, bright patterns very similar to Fig.
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7-61(b) resulted. Those patterns included a central dark point, like that seen here, with
typically one but sometimes two bright circles, presumably, formed from each emitter. As
observed here, these bright inner circles were bound by a larger, faint boundary. At higher
currents, Gassend observed more distributed patterns with many oblong features within
very faint boundaries roughly corresponding to the spacing between emitters. Unlike the
distributed bright patterns from plateau emitters tested here and shown in Fig. 7-61(a),
the patterns Gassend observed at high currents were relatively diffuse. He postulated that
at high currents, the sharp silicon emitters could be supporting field emission directly from
the meniscus surface resulting in many, more spread out, beamlets.
Gassend proceeded to estimate beam divergence angles based on the size of the various
patterns observed. This type of analysis has not been done here given the unexpected
variation in spot sizes between Figs. 7-61(a) and 7-61(b) where the spot size increased for
a decrease in emitter to target distance. This trend either suggests the correlation between
spot and beam size is poor, or more simply, the target to tip distance measurements were
not accurate. In either case, correlating to beam divergence would not be suitable.
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7.7 Discussion
The majority of this discussion focuses on interpreting the results acquired using fully
processed nickel arrays. However; the results of sections 7.2 and 7.3 are referenced to aid
in the understanding.
7.7.1 Symmetry and Per Emitter Emission
Per Emitter Currents from Porous Arrays With the Indicated Propellants
0.5 EMIB 4
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Figure 7-62: Samples of the collected current per emitter from the EMI-Im (second test
session) and EMI-BF 4 arrays.
Both of the fully processed arrays, wetted with EMI-Im and EMI-BF 4 , achieved high
current levels at relatively low potentials. The typical currents, per emitter collected from
both the EMI-Im and EMI-BF 4 devices prior to any significant current decay are plotted
in Figure 7-62. Here the complete array of emitters (480 tips) has been assumed active,
this is unlikely, making the plot an underestimate. Compared with the data collected from
a single tungsten emitter, given in section 7.2, the current magnitudes are similar over the
small range of potentials explored beyond the onset of measurable currents.
In Figure 7-63 typical collected current magnitudes are plotted against the magnitude
of applied potential to demonstrate the emission symmetry for the two cases. In the case of
EMI-Im. these data are not representative of negative emission during the first test session
where interference due to the hardware was suspected. Both propellants demonstrate good
agreement between polarities at low currents within the measurement noise.
Despite the apparent symmetry during ramped scans, the behavior under potential
alternation was generally not symmetric. Figure 7-64 shows the collector current measured
during the first 30 seconds of data collection with the EMI-BF 4 wetted array operating at
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Emission Symmetry for EMI-Im Emission Symmetry for EMI-BF 4
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(a) Positive and negative collected currents using
EMI-Im propellant.
0 0.2 0.4 0.6 0.8 1
Voltage (kV)
(b) Positive and negative collected
EMI-BF 4 propellant.
Figure 7-63: Magnitude of currents collected at both positive and negative polarities, plotted
together to highlight emission symmetry.
1 Hz (Fig. 7-51(a)). Although the amplitudes were similar, the positive measurement was
~ 10 pA larger from the beginning of the test and onward. It is important to restate that
during these relatively long duration measurements, the data acquisition system limited the
secondary electron suppression potential to only 8 V, while in all other scans it was 20 V.
As noted with the single tungsten emitter in section 7.2, poor secondary suppression could
augment the apparent positive current collection.
Current Variation in Time with± 1.11 kV Applied at 1 Hz
0.25
Time (min)
Figure 7-64: Despite
1.11 kV applied at 1
the apparent symmetry of Fig. 7-63(b), the collected current with t
Hz was not symmetric.
Figure 7-65 demonstrates the degree of excess current in the positive mode throughout
the first two alternating potential scans made with EMI-BF 4. The excess current here is
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(a) At 1 Hz the excess current remained relatively steady around 5 % of the common signal.
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(b) At 2 Hz the excess current remained relatively steady around 5 % initially before a
sudden transition to less stable operation accompanied by current decay shortly after.
Figure 7-65: Average current per cycle expressed as a percentage of the common mode
amplitude using EMI-BF 4 and alternating the potentials.
the degree to which the average current exceeds the common mode signal at each period.
For example, for emission oscillating between 110 pA and -100 PA at a 50 % duty cycle, ±
100 pA would be considered the common mode, while the average current would be 5 pA.
Figs. 7-65(a) and 7-65(b) plot the ratio of the average current to common mode signal using
the data from Figs. 7-51(a) and 7-51(b) respectively. It is interesting that during the first
scan, where the current magnitudes decayed gradually, this metric is relatively constant
at ~ 5 %. However; during the second scan the behavior became much more erratic after
roughly 2 minutes of operation. Referring to Fig. 7-51(b), more rapid decay was evident
a few minutes after this point. A final scan was made with this array after increasing the
applied potential to compensate for the decay in emission. Here the current again decayed
quickly while slightly favoring negative emission.
The EMI-Im alternating potential measurements also demonstrated an un-symmetry
but the spurious behavior at negative potentials, likely due to equipment errors, and low
resolution data collection for those tests would discount an analysis as above. Finally, the
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Figure 7-66: Representative data from an array wet with EMI-Im plotted on a logarithmic
scale. Although the signal does begin within the noise, it rises quickly from roughly i
-0.85 kV. In this plot a 10 point moving average was used to smooth the data.
Representative Collected Current Using EMI-BF 4 Propellant
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Figure 7-67: Representative data from an array wet with EMI-BF 4 plotted on a logarithmic
scale. Although the signal again begins within the noise, it rises quickly from roughly t
-0.92 kV.
fully packaged device tested with EMI-Im was notable in that the collected current was
generally not symmetric, favoring positive emission. This device was operated at 1 Hz at
all times.
7.7.2 Starting Potentials
Accurately determining if a true startup potential exists, and if so its value, is difficult with
the completed devices. As shown in Figures 7-66 and 7-67 the signal merges with the noise
at low currents. However; if the unknown behavior within the noise is disregarded, it is
possible to estimate a minimum potential where the current increased rapidly from the noise
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level. For the EMI-Im sample this occurred at approximately ± 0.85 kV, while for EMI-BF 4
the signal emerges at approximately ± 0.92 kV. Comparisons with equation 2.7, motivated
to be a modified relation for starting potentials on porous media in section 2.4.1. are perhaps
unwise given that both the characteristic pore size and the typical radius of an emitting
tip would need to be estimated. Nevertheless, equation 2.7 gives starting voltages around
~ 1-2.5 kV for ~ 10-30 pm tip radii and large 5 pm pore scales. Potentials higher than
those observed during the testing presented here. Note that EMI-Im has a lower surface
tension than EMI-BF 4 and hence lower starting potentials are expected. However, the
array tested with EMI-Im had slightly larger tip radii on average, which would increase the
starting potential. The single porous tungsten emitter presented in section 7.2 had relatively
smaller pores and did require relatively large voltages to yield measurable currents, but the
increase can partially be attributed to the large diameter wire loop extractor used for that
test.
7.7.3 Wetting the Porous Arrays
The wetting technique has been rather arbitrary. This was, in part, due to the typical
inaccuracies inherent in the two part epoxy scheme used to bond the porous nickel within
the silicon mount. Specifically. the amount of type 377 epoxy allowed to clog some pores
varied between samples leaving an unknown volume for propellant. However; the wetting
method has been successful in that for all porous nickel array tests presented here the arrays
were wetted from the rear. Capillarity alone supplied liquid to the tip of the emitters and
emission was sustained.
Figure 7-68 shows two examples of emitters wetted in this way. Ionic liquid can be seen
filling the pores near the emitter tips. It is important to note that in both cases shown here
the arrays were tested prior to taking these images. The image on the left is an emitter,
wetted with EMI-BF 4, on an array used for ablation testing. This emitter was at a location
which did not create a pattern on the collector. Meanwhile the image of the right shows a
tip on the fully processed array wetted with EMI-Im and could, therefore, be contaminated
due to electrochemical reactions.
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Figure 7-68: Examples of emitters wetted with EMI-BF 4 (left) and EMI-Im (right). In both
cases these emitters were fired prior to imaging.
7.7.4 The Impact of Secondary Etching on Emission Characteristics
Although a limited number of arrays have been tested; the discrepancies in emission magni-
tude between the two cases of emission from arrays etched with a single step (sections 7.4.2
and 7.5.1) and those etched with the fully, two step, etch process are large. Consider the
first two test samples presented in section 7.5. Both samples were wetted with EMI-Im and
were tested within identical mounts, including the extractor grid. The largest discrepancy
between cases, other than the etch procedure, was the region of over etched emitters along
one edge of the single etch step case. Significantly higher currents at much lower operating
potentials were achieved with the fully processed array. In addition, the fraction of emitted
current intercepted by the extracting grid was reduced from ~ 20-30 % to - 5-12 % when
using the two step process.
The emitter to extractor distances were similar in both cases (~ 140 Pm) and the
identical extractor grid was used. A reduction in current magnitude would be expected due
to the number of over etched emitters on the single step array, however the large shift in
operating potentials can not be explained by this alone.
Figure 7-70 provides SEM images of some typical emitters on each of the two arrays.
These images show the actual arrays fired in the tests above. This type of image (perpen-
dicular) only shows emitters near the edges of the arrays but some qualitative observations
can be made. Some more general comparisons between arrays fabricated using the two
different methods were provided in section 6.5. During the first test, with a single etch
step allowed to continue until the resist mask had nearly fallen off, emitters resembling the
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Emission from Arrays with and without Secondary Etching
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Figure 7-69: Samples of the overall collected current from an array etched with a single
etch step and another with secondary sharpening. Both arrays used EMI-Im as propellant.
three predicted cases for small variations in the diffusion layer thickness in section 4.5 are
present. These general cases have been identified in Figure 7-70(a). Meanwhile Figure 7-
70(b) again demonstrates emitter to emitter variation but also the characteristic smoothing
of the features achieved with the secondary etch step.
In section 4.5.7, it was argued that, electrostatically, the later case may favor more
axially aligned beams and hence support the reduced beam interception. However; those
arguments neglected the physical size of the pores, in essence assuming emission could occur
from any point. If the hypothesis of section 2.2.3, that porous emitters sustain emission
from emission sites localized to the physical pores, is valid then the situation with this
particular, relatively high porosity, nickel may be much different. Consider the sketch in
Figure 7-71, where exaggerated pores are drawn on the typical emitter shapes observed
here. If the pores are significantly sized compared with the surface geometry, their spatial
distribution may strongly dictate the emission properties. For example, although the sharp
and plateau type emitters shown in the figure may yield strong fields at their sharp edges,
high fields in the vicinity of a pore may be more difficult. However; the ablation tests
presented in Figure 7.6 demonstrated emission from these type of emitters can occur. In
addition, for a very sharp emitter, it may be possible that no clear fluid path can be made to
the regions of strong electric field. Under these scenarios, higher voltages might be required
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MIT1847 2011/01/31 10:44 L x120 500 um
(a) SEM images of the array tested in section 7.5.1. Over-etched, sharp and plateau type emitters
are all present on this array.
MIT1740 2011/01/13 21:18 L x180 500 uM
(b) SEM images of the array tested in section 7.5.2. This array was characterized by generally
smooth emitters due to the secondary etch step.
Figure 7-70: SEM images of the arrays fired in section 7.5.1 and 7.5.2.
to obtain strong enough fields to form Taylor cones at the pores themselves. Further testing
would be required to establish if this trend exists and, as discussed in chapter 2, an analysis
approaching the complete behavior must also consider the hydraulic interactions between
emission sites.
7.7.5 Ion Emission
The current versus voltage trends can be compared with those expected theoretically for
field emission for a liquid surface. Equation 7.2 gives the current density, j, as developed
E field
Sharp Plateaus Smoothed
emitters
Figure 7-71: An exaggerated sketch of possible electric field and pore distributions. With
such large pores, assuming that clear fluid path to the most, electrically, favored emission
sites may not be valid.
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using kinetic arguments by Iribarne and Thomson[27] and more rigorously derived elsewhere
(see for example [22], [162]). Here the total energy barrier for ion evaporation is reduced
from the energy of solvation, AGO, by a quantity due to the applied field. In the equation,
T is the liquid temperature, k is Boltzmann's constant, h is Planck's constant and a is the
surface charge density.
kT AGO- 1/2t)
a-e k (7.2)
h
Emission in Irlbarne and Thomson Coordinates at Positive Potentials
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(a) Measured currents as a function of potential from both full porous nickel emitter array
tests in the coordinates of 7.3 for positive species emission.
Emission in Iribarne and Thomson Coordinates at Negative Potentials
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(b) Measured currents as a function of potential from both full porous nickel emitter array
tests in the coordinates of 7.3 for negative species emission.
Figure 7-72: Current versus voltage measurements recast in the coordinates of equation 7.3.
Complete agreement with equation 7.2 for field emission would yield straight lines in these
coordinates.
Following the analysis of Gassend[50], a more tractable form of equation 7.2, using
measured quantities, can be formulated by introducing some scaling parameters. Assuming
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a perfectly conducting surface, o- - coE. Let E = #EV, such that #3 is a length scale for
the electric field at the point of emission and let j = aIe, where Ie is the current per emitter
and a- 1~ /Er 2 is a scale for the emitting area. The measured current is then I = nte,
where nt is the number of active emission sites. Using these factors, equation 7.3 results
relating the measured current to the applied potential.
Tin = Tin (ntcEk) AG ( 1/2 V (7.3)
(TV ah k (4760k2)
Using measured currents from each of the full scale emission tests, the data has been
recast in the form of equation 7.3 and plotted in Figure 7-72 assuming a temperature T =
298"K. Note that for the EMI-Im cases the emitted current has been used, while in the case
of EMI-BF 4 only limited emitted current data was acquired, hence the collected current is
plotted here. However, for the latter case the intercepted current fraction was only a few
percent. When plotted in this form, linear relationships do not result; however, this is
not unexpected. As noted by Lozano[57] and Gassend[50], the active area (a-1) at each
emission site can not easily be defined and is not likely to be constant with increasing field
strength. Similarly the number of active emission sites, nt would likely vary with potential.
Referring to equation 7.3, the slope of the curves in Figs. 7-72 can give an approximation
for #E as it depends only on that parameter and other physical constants. Using linear fits
over the initial and final regions of the curves. #E 9-40x10 4 m 1 and #E 3-10X10 4 m-1
result for the EMI-BF 4 and EMI-Im cases respectively. These values correspond to length
scales from ~ 2-10 pm and ~ 10-30 jim for the two liquids respectively. Recall that the
electric field here refers to that at the point of emission and should not be confused with
the far field on an emitter discussed in section 2.4.1. Specifically. the field here is presumed
to be that at the tip of a Taylor cone undergoing ion evaporation. In this respect, the
length scales measured here are very large. Lozano and Higuera[65] motivated that for ion
evaporation with typical solvation energies (a few eV), fields on the order of ~ 1-2 V/nm
are required. All data shown here was collected at around 1 kV. Hence for EMI-BF 4 the
estimated field strength at the emission site was - 0.1-0.6 V/nm (using V ~ 1100 V) while
for EMI-Im it was much lower, ~l'- 0.04-0.1 V/nm (for V ~ 1200 V).
The emission data from a single porous tungsten emitter, presented in section 7.2 can
also be cast in terms of equation 7.3. In Figure 7-73 the collected current for both positive
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Emission in Iribarne and Thomson Coordinates from a Porous Tungsten Emitter
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Figure 7-73: Measured currents as a function of potential from a single porous tungsten
emitter in the coordinates of 7.3 for both positive and negative species emission.
and negative emission has been plotted in this form. The current measured with increasing
potential was, in this case, characterized by an initial low current phase at a slightly lower
slope prior to transition to a higher slope. This transition manifests as a step in Fig. 7-
73. Beyond this step, the curves have typical slopes corresponding to #E - 0.5-0.8x10 4
m--1, even lower than with the fully processed nickel arrays. The corresponding estimated
electric field for these values is ~ 0.005-0.02 V/nm for the range of operating potentials
after the step (1.75-2.5 kV) and estimated the #E values. Recall that for this emitter, pure
ion emission was confirmed using time of flight spectroscopy.
The most significant differences between the porous tungsten and nickel emitters were
the porosity and grid geometry. For emission from a Taylor cone, where extremely sharp
surfaces result. the field after forming the Taylor cone should not depend greatly on geomet-
rical factors. In section 2.4.3 it was argued that hydraulic effects should not limit emission,
however; no accurate measurement of the porous media permeability and corresponding
flow impedance has been made. The porous tungsten had both smaller particle sizes and
reduced porosity, and hence a much lower permeability, compared with the nickel used in
complete arrays. The reduced slope between the two cases, for the same ionic liquid (EMI-
BF 4 ), could suggest hydraulics were a contributing current limiting mechanism but a more
in-depth analysis of both the emission physics and hydraulic impedances would be required
to draw any conclusions.
The shapes of the curves in Fig. 7-72 are also interesting. For all cases the slope
decreases with increasing potential. A number of factors could induce this behavior as the
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applied potential and net current both increase. As mentioned above, the number of active
emission sites can not be assumed constant. For the arrays tested here significant variations
in emitter geometries were present (see section 6.7.1). A reasonable assumption may be that
the number of emission sites increases with potential. Referring to equation 7.3, we see that
for nt increasing slightly, the scaled current would also increase resulting in an enhanced
slope of the curve. In this respect, the initially larger slope could be consistent with a rapid
increase in active emitters at low potentials.
Another interesting consideration is the impact of the finite fluid electrical conductivity.
The estimate for surface charge can be altered to include a finite electric field within the
liquid, El, such that u-= :o(E - (El). Where if Ei ~ j/K[65], the current density divided
by the ionic liquid electrical conductivity, we assume current is conducted normal to the
surface at the liquid interface. With this modified estimate of the surface charge. a revised
expression, equation 7.4, relating the current to potential ratio to applied potential results.
The effects of conductivity constitute an additional term dependent on the ratio of the
Ohmic length scale, ca. to that for field enhancenent., OE. For small currents at large
potentials this term is negligible and equation 7.3 is recovered. Consider, the EMI-BF 4
examples in Fig. 7-72 where E ~ 13[163], and K = 1.36 S/m. High currents, I = 200 1A
were achieved at roughly 1.1 kV and nt ~ 500 emission sites may be reasonable. If ion
evaporation is assumed such that E - 1.5 V/nm, then #E = 1.4x10 6 m-1 and an emitting
area factor for similar lengths scales would be a ~ 3/7r = 2x10 12 m- 2 . With these
parameters, the logarithmic term in equation 7.4 would be - -1.5, a negligible contribution
on the scale of Fig. 7-72. Repeating the calculation for the values of OE found through
fitting equation 7.3 to portions of the curves does not yield more significant effects.
TTn - TIn (1 -) T nAG + ( 2  V (7.4)
TV ntKVOE ah k 47coO2
Temperature rise due to Joule heating would also impact the emission properties. In
Figs. 7-72 and 7-73 a constant temperature was assumed in equation 7.3. Equation 7.5
includes a correction factor due to a temperature rise AT such that T = To(1 + AT/To)
with an initial, or typical, temperature To. Here we assume a small temperature rise such
that ln(1 + AT/To) ~ 0. The left hand side of this new expression is again the value plotted
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in the figures. but we now see that increasing temperature with current (or voltage) would
lead to a relative decrease in the plotted quantity.
(JI (nco/3k " 1 [AGo ( q3/3E 1/2 1Toln = I Toln + oh ) 'i-I A k + q\ E k2 V (7.5)TV ah 1+ k (4,760k2
Higuera[65] notes that for emission sites yielding hundreds, or thousands, of nA, signif-
icant Joule heating could take place. That author estimated a temperature rise assuming
a thermal energy balance such that AV2T + j - 1 = 0. Here A is the thermal conductiv-
ity of the liquid, typically 0.1-0.2 W/mK for ionic liquids[164]. By assuming the length
scales for the emitting area and that for temperature change are roughly equal we get a
temperature rise of AT ~ IE/ntA. Higuera proceeds to estimate that El ~ E/E such that
AT ~ IE/ntAc. As noted by that author, estimates using this expression, for expected
surface fields on the V/nm scale, suggest an alarming temperature rise, for example 1204
K for 200 pA from 500 emitters using EMI-BF 4 . However; the assumed expression for El
should be considered further and the expression, for Joule heating, lacks any dependence
on electrical conductivity. Indeed, if the E - #EV as discussed above, we see that this ex-
pression is equivalent to AT - IV/ntE -3E /A, which has the form of an input power divided
by a characteristic thermal resistance. In this form, it is clear something is missing. For
the large temperature differences predicted here the deposited power. IV/ntE, is equivalent
to 1/., or ~ 5-10 % of the input power. It has been shown experimentally[36, 43] that the
peak energy loss between measured beam energy and the input energy is typically a few
volts out of thousands. Hence the beam power deficit is typically less than 1 % of the input
power including other energy loss mechanisms, for example the - 0.5-2 V potential drop
across the electrochemical double layer (see section 7.2).
As an alternative, we can again approximate the internal field as that required for con-
ducting the current through a characteristic area, El - aI/ntK. The expected temperature
rise is then AT ~ a12/n2K. Here K is the liquid electrical conductivity. If a' ~ #13 and
again 13E - 1x10 9 /V, this relation predicts a temperature increase of only 0.5'K for the
same EMI-BF 4 example used above. The power dissipated would then be ~ xf&I 2 /n2K,
equivalent to roughly 0.02 % of the input power for the EMI-BF 4 example. For a tempera-
ture drop of this magnitude, the correction factor in equation 7.5 would be small.
Finally, the possibility that a significant portion of the current is due to droplet emis-
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sion should be considered. Typical electrospray droplet emission can be described by
I = x Q[22, 21], were Q is the flow rate and x is a proportionality constant for the liquid
(see the cited references for details on this relationship). The proportionality constant is
roughly 1.1 EMI-Im and 1.6 for EMI-BF 4 in SI units. Hence for 200 pA of current from
roughly 500 emitters, the flow rate per emitter would be 120 and 70 pL/s for EMI-Im and
EMI-BF 4 respectively. The porous nickel used here had particle sizes in the order of ~ 5
pm with a porosity of ~ 45 %. The estimated permeability, using equation 2.12 for this ma-
terial is roughly 4x10-14 M 2 . In section 2.4.3, an expression for the pressure drop between a
point within a bulk to a point near the emission site was developed for conical emitters as a
function of permeability and geometry. Using that relation and approximating the emitters
here as ~ 200 cones with 15 pm tip radii, 150 pm tall, the pressure drop would be ~ 4x10 3
Pa and 7x10 3 Pa respectively for the two propellant cases. Meanwhile the electric stress
for such an emitter spaced 150 pm from an extracting plate would be roughly 8x10 3 Pa
using equation 2.6. That these two pressures are of comparable magnitude suggests that
stable operation under a droplet only scenario is unlikely. However; this does not rule out a
mixed ion droplet regime, and has assumed the porous array was not over filled with liquid.
In regard to confirming ion emission, this analysis is inconclusive. The approximate
field strengths at the emission site estimated by fitting a kinetic model are somewhat lower
than those expected. However; purely droplet emission of this magnitude would be unlikely
using passive feeding through the porous media used here and a low estimated field strength
was also found for emission from a tungsten source where pure ion emission was confirmed.
An increasing number of emission sites, Joule dissipation and, to a lesser extent, electrical
conductivity, could have contributed to the decreasing slopes in Figs. 7-72.
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7.7.6 Performance Predictions
Accurate predictions of propulsive parameters (thrust, I,. efficiency...) would require more
extensive diagnostics of the emission properties. Full beam time of flight spectroscopy, for
example, would be imperative in determining the beam composition, including the contri-
bution from solvated ions which break up within the acceleration region[58]. Once known,
a reasonable estimate of the mass flow rate could be made. Similarly. beam energy mea-
surements, again for the full beam, coupled with measurements of the spatial distribution
(beam spreading) would be required to infer thrust with any degree of accuracy. Ultimately,
accurate measurements of the propellant mass use along with direct thrust measurements,
with a thrust balance, will be required to verify the performance.
Some rough estimates can nonetheless be made with this data to provide a taste for
what may be achievable. During the full scale tests, typical grid to tip distances were
~ 140 pm, while the laser cut grids were 300 pm in diameter and ~ 90 pm thick. The
transmitted beam must therefore have had, at most, a ~ 30" beam angle, OB. Typical,
time of flight measurements for purely ionic emission, such as Fig. 7-9, show a significant
contribution from both the monomer and dimer (singly solvated species). If a roughly even
split is assumed, estimates for the mass flow can be made for a given current using equation
7.6. Similarly if the low energy deficits and peak widths typical of ILIS are neglected to a
first approximation. the beam velocity for each species is estimated with equation 7.7. Here
mi is the species mass, from table 2.1, the monomer for i = m and the dimer for i = d and
eV is the beam energy assumed to take the full value of the applied potential. The total
thrust from the two species can then be estimated with equation 7.8.
mi mi (7.6)
2c
2eV
i cos(0B) (7.7)
T ~ rnimem + rhdcd (7.8)
Using these approximations. some peak thrust and specific impulse estimates are possible
using the data., before decay, collected after emission from porous nickel arrays emitting
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EMI-Im and EMI-BF 4 . During the second EMI-Im test session, for one scan, relatively high
currents were drawn, ~ -380 and ~ 425 pA for negative and positive emission respectively.
The estimated total beam mass flow rate from both species. using equation 7.6, approached
~ 1.9 pg/s at -1.6 kV and 1.4 pg/s at +1.6 kV. Using equations 7.6 through 7.8, these
maxima correspond to ~ 40 pN at -1.6 kV and 35 pN at +1.6 kV. The intercepted
current fraction with that device varied from 5-12 %, increasing with potential. Taking this
into account, the estimated specific impulses were roughly 1900 s and 2250 s for the negative
and positive polarities. Recall that the Im-, in EMI-Im is more than twice as massive as the
EMI+ ion, accounting for the range in peak specific impulse and thrust between polarities.
At roughly 400 pA on average for 1.6 kV, this test had a maximum power consumption of
~ 0.65 W.
For the EMI-BF 4 array, the maximum current was kept low to suppress emission decay
before the alternating potential tests. At ± 1.125 kV the maximum current draws were -200
pA and +195 pA corresponding to roughly 0.4 pg/s for both polarities. Again assuming a
300 beam divergence angle, the maximum estimated thrust was ~ 11 pN in each polarity.
The beam interception fraction was within the measurement noise during this experiment.
Assuming full transmission, the estimated specific impulses were 2850 s and 2560 s in the
negative and positive polarities respectively. At the maximum measured current levels this
device used - 0.22 W of power.
It is interesting to note that the fast rising IV characteristics observed with the devices
translates to a relatively small deviation in specific impulse, a few hundred s, between low
(10's of pA) and high (100's of p.A) current operation. Specifically, beyond a few 10's of
pA, the EMI-Im and EMI-BF 4 IV curves had slopes of roughly 0.8 and 1.0 MA/V. Hence
for EMI-BF 4 a 100 MA emission increase from say 10 to 110 pA would require only 100 V
of additional potential resulting in roughly a 5 % increase in specific impulse. Therefore,
to first approximation, these devices approach a constant specific impulse, variable thrust
system.
7.7.7 Observed Current Decay from Fully Processed Emitters
The observed current decay during operation of fully processed arrays with both ionic liq-
uids is extremely disconcerting. If these devices are to be used for spacecraft propulsion,
consistent operation over 1000's of hours would be required. These decays are therefore a
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significant stumbling block that must be overcome as part of future development approach-
ing a practical thruster.
The problem was observed using both EMI-Im and EMI-BF 4 with fully processed emit-
ters. This discussion primarily focusses on those tests due to the low beam interceptions.
After all tests with each sample. significant residue was observed to have accumulated
around the emitters. However; after the first session with the EMI-Im sample, the emitters
appeared to be clean. For both propellants when relatively (minutes) long alternating po-
tential testing was carried out, a period of strong decay lasting a few minutes was observed.
It is interesting to consider some general scenarios which may have, in whole or in part,
contributed to the measured decays:
1. Beam composition : Without beam spectroscopy the relative composition of ions and
droplets cannot be confirmed.
2. Physical effects : Although the cause of the residue is not clear, its impact could affect
both the emitter electrostatics and fluid paths to the emission sites.
3. Propellant contamination : Any chemical or electrochemical reactions within the pro-
pellant could lead to a change in the emission characteristics.
Consider item 1 and the first test session made with EMI-Im. One explanation for the
decay could be that the emission varied between an ion dominated and droplet dominated
beam. Droplet emission at some point during the tests was likely with this ionic liquid given
the residues observed on the collecting plates for both test sessions. Suppose the array was
initially over saturated with liquid, such that the internal pressure of the liquid was relatively
low and droplets could be extracted from Taylor cones spanning multiple pores. As the
emission continued. this would lead to fluid depletion and therefore an increase in hydraulic
impedance for emission. Gamero[26], showed that a mixed ion/droplet beam will transition
from a droplet dominated to ion dominated beam as the flow rate is decreased. However; as
the ionic contribution was increased, that work showed that the total emitted current will
increase dramatically in approach to the purely ionic regime. In the experiments presented
here, the current decreased with time. Hence for an initially droplet rich beam, the emission
would have had to of been entirely droplet dominated, operating far from the ionic regime,
all times when collecting this data. This may be unlikely given the high currents and flow
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impedance discussion above but, without knowing the exact wetting conditions, should not
be ruled out.
As an alternative, consider an initially ion dominated beam which transitions to include a
substantial fraction of droplet emission. Droplets could explain the clean emitters observed
with EMI-Im. as the increased fluid flow rate could remove residues, but this was not
observed with EMI-BF 4 . Similarly, the yellow residue on the collector plate for EMI-Im
tests may be due to collected, contaminated, droplets. After this test session, attempts to
add more liquid were plagued by overwetting. When the excess liquid was then removed
using filter paper, it had a strong yellow colouration compared with pure EMI-Im. Hence.
some decomposition of the liquid, the third item listed above, may also fit these observations.
If, for example, the fluid conductivity decreased over time due to propellant decomposition.
it could induce a transition from purely ionic to a mixed ion/droplet regime. Although
again viscous loses would need to be overcome to sustain any reasonable amount of droplet
emission.
The second item listed above is particularly applicable to the second test session with
EMI-Im, and the EMI-BF 4 testing. Although the cause of residue build up may not have
been consistent between the tests. its influence on beam emission fits the observations.
Referring to Fig. 7-54, the relatively low conductivity (as indicated by the darker coloration
compared with nickel in the SEM images) material appears to be relatively thick and often
completely covers the emitters. Electrostatically, this would significantly alter the field
distribution, possibly reducing the electric field to a level below that required to sustain
emission. Furthermore, emitters that have been completely covered would not have a clear,
uncontaminated, liquid path to suitable emission sites near the emitter tips. Both of these
issues, reduced field strengths and blocked pores, are consistent with the requirement to
increase the applied potential to maintain emission levels over time, as observed for both
EMI-Im (see Fig. 7-41) and EMI-BF 4 (compare Figs. 7-51(a) and 7-52).
The relatively close separation between the array and the collector plate (24.7 mm)
clearly resulted in significant back-sputtering of material from the collector. This can be
seen in Figs. 7-46 and 7-53 for EMI-Im and EMI-BF 4 respectively. However, back-sputtered
material would, and was observed to, coat all surfaces relatively uniformly. Hence the strong
variation in material conductivity between the emitters and extracting grid revealed by SEM
images, for example Fig. 7-54, are not consistent with this explanation. Furthermore, Fig.
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7-45 shows that, with the extracting grid removed, some material has bridged between
emitters after testing with EMI-Im. Clearly this region would have been blocked by the
extracting grid and could not have been coated by sputtered material.
Propellant contamination, either through electrochemical or chemical reactions, remains
as a likely underlying phenomenon leading to current decay. Whether inducing a transition
between ion/droplet regimes. effecting physical changes to the emitters or simply altering
the propellant properties the effects would be detrimental to operation. Purely chemical
reactions on the time scales observed are an unlikely scenario since, in all porous nickel
tests, the arrays were allowed to settle for several hours (typically overnight) after wetting.
7.7.8 Electrochemical Decomposition Discussion and Recommendations
Early experiments with ILIS quickly identified that prolonged operation at a single polarity
can cause electrochemical degradation of the ionic liquid propellant[37]. As part of that
work the authors estimated that for a symmetric (in terms of current) ion beam, voltage
alternation at roughly 1 Hz should be sufficient to prevent charging of the interfacial double
layer beyond the ionic liquid electrochemical window and hence avoid decomposition. No
active current matching was performed during those tests[94].
Here the unbalanced average currents shown in section 7.7.1 and the relatively high
emission currents from porous emitters compared with externally wetted may have led to
relatively significant average charging. The most obvious action to be taken to confirm this
would, at the laboratory level, be to include active feedback such that a zero net current,
on average, is maintained from the emitter arrays. Operationally, the final configuration
(see Chapters 1 and 2) would use two arrays simultaneously operating at opposite currents
through a single power supply, which could prevent any unbalance intrinsically so long as
both arrays yield similar emission properties. However; the dramatic and relatively quick
effects of these reactions on operation with porous nickel emitters warrants future research
into the details of electrochemical interactions on these devices.
Qualitative comparisons of probe measurements from tungsten and nickel externally
wetted emitters showed the two metals yield similar results. This result was deemed suf-
ficient to assume similar frequencies could be applied to nickel emitters as with tungsten.
Figure 7-74 shows an additional probe example, measured while emitting EMI-BF 4 at 1
Hz from a nickel emitter, again similar to tungsten emitters. It is interesting to note that
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Figure 7-74: An example of probing data acuquired at 1 Hz using a nickel externally wetted
emitter wet with EMI-BF 4.
despite the increase in frequency over the measurements in section 7.3.4, the shape of the
curve has generally scaled with time. That is, even at this frequency, the stronger currents
at the negative polarity result in a probe measurement which appears to approach satu-
ration. If this relative saturation, for both materials, can be interpreted as an indication
that reactions are occurring, the underlying issue may be the different products or reactions
between materials. Lozano noted that during long alternating potential tests the current
slightly favored negative emission on average and that during fixed polarity operation at
negative potentials the reaction products were observed to take the form of a gas. An evap-
orated gas would still represent a loss of propellant but may not damage the emitter surface.
Hence, even if the kinetics of the reactions have not changed significantly between metals
the products formed by excess positive emission from porous nickel arrays may simply be
relatively detrimental. In section 7.3.4 no residues were observed after testing, however
those tests tended to favor negative ion emission over positive ions.
The externally wetted probing experiments were relatively simple to perform and are
generally a much more controlled experiment compared with porous emitter arrays. For this
reason they are a good candidate for further experimental investigation of electrochemical
effects. In general, a quantitative interpretation of these curves is not very well understood.
The following notes outline some recommended topics and techniques which could be useful
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for future work in this regard. The goals of such a study could be to 1) obtain a correlation
between onset of Faradaic currents (reactions) and probe measurements, 2) use such a cor-
relation to confirm that at predicted alternation conditions (frequency and current balance)
reactions are suppressed and 3) seek applications of the model to porous emitters.
Properties of the Electrochemical Double Layer
The electrochemical double layer between a conducting electrode and an electrolyte is
often[119] modeled as a parallel capacitance, Cdl and resistance rTdl per unit of surface
area.
The electrochemical window refers to a region where rdl ~ oc, described by |AVll <
|Vel, where |V.| is the approximate electrochemical window and AVj is the difference
between the midpoint of the window and the current double layer potential. Within this
region, Faradaic current (current crossing the double layer) is deemed negligible. This
definition alone should draw concern for ILIS application. Electrochemical breakdowns are
a kinetic process and, as a result, definition of a window must be accompanied by a selected
cut off limit to the current. Ohno[165] discusses this limit and notes that for most reports
using ionic liquids it is typically around 0.1 to 1.0 mA/cm 2 . For example, Moganty[166],
used cut off currents in the range of 0.1 to 0.4 mA/cm 2 in establishing electrochemical
windows for BMI-BF 4 . Applied to an externally wetted emitter with 5 mm of exposed
length along a 0.5 mm diameter wire, this corresponds to ~ 15-60 pA of current, orders
of magnitude more than the typical emitted current as an ILIS. Those authors note that
for applications at relatively lower currents, significantly lower effective windows should
be used. Furthermore. the window for decomposition is known to depend on the electrode
material[167, 168. 166]. Galinski[169]. for example. notes that compared with glassy-carbon
or platinum electrodes, the electrochemical window measured against a tungsten electrode
may increase by several volts. Conversely. anodic dissolution of nickel may effectively reduce
the electrochemical window[170]. Finally, the effect of impurities should not be ignored.
At the low currents used in ILIS, ensuring high purities may be extremely important as
any impurities could significantly reduce the apparent limit of capacitive behavior, see for
example Galinski and Barrose-Antle[167] for discussions of impurity effects.
Furthermore under certain conditions using ionic liquids, the effective capacitance, Cdl,
can depend strongly on potential. The relationship takes the form of a bell shape centered
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Figure 7-75: Modeling ion emission as a current source, the substrate to liquid double
layer will depend on the geometry and physical properties of the double layer. For an
externally wetted emitter, the behavior can be described by equation 7.12, voltage diffusion
modified by the variable path area. For porous emitters the interconnected network of pores
complicates the analysis.
near the potential for zero charge[171, 172, 173] with up to an order of magnitude increase
over the baseline value. However; Nanjundiah[171] notes that this behavior was accompa-
nied by Faradaic currents and that measurements outside of this region are relatively stable.
Lozano and Martinez-Sanchez used those results for EMI-BF 4 and showed that to first ap-
proximation Cdl - ,/a in the region far from Faradaic currents. Here 6 a is the diameter
of a single anion . Operating well within the electrochemical window may be accompanied
by relatively constant capacitance per unit area but an analysis of the behavior approaching
the window limit should consider this variability.
Ohmic Contributions, Voltage Diffusion
The discussion above concerned an element of area along the interface. In order to interpret
experimental data, as acquired in section 7.3.4 for an operating emitter, a model for the
distribution of potential over the entire surface would be required. The left side of Figure
7-75 shows an approach to modeling this behavior on externally wetted emitters. Here the
current within a thin liquid layer, of thickness H is assumed to be parallel to the surface
and increases by an amount icwds between points s-ds and s, leading to equation 7.9. Here
ic(s) and w(s) are the capacitive current density and surface perimeter at s respectively.
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For operation below the electrochemical window, ic(s) is purely capacitive and given by
equation 7.10, where the double layer capacitance per unit area is Cdj.
6V
ic = Cdl 6(7.10)
Meanwhile, the current at s, where conduction is assumed to dominate over convection,
is proportional to the potential gradient as in equation 7.11. Here A(s) is the fluid cross-
sectional area (~ Hw(s) for an externally wetted emitter) and K is the liquid conductivity.
I = -AK 6V(7.11)6s
Substituting equation 7.10 and the derivative of equation 7.11 into equation 7.9 yields
an expression for the fluid potential, equation 7.12.
4 AK = Cdim (7.12)6S 6S 6t
Under conditions where dA/ds ~ 0, equation 7.12 can be reduced to equation 7.13. This
relation is equivalent to a diffusion of voltage along the interface. with diffusivity AK/Cdlw.
Recall that Cdj is the characteristic capacitance per unit area for the ionic liquid/metal
interface in question and may be strongly dependent on potential.
AK 62 V 6V
+ -= 0 (7.13)
Cd1w s-2 +
Applied to probed externally wetted emitters, like those tested in this research, solutions
to equation 7.13, or 7.12, could provide information concerning both the time required to
reach the electrochemical window limit near the emitter tip and the corresponding behavior
at a probe far from the emission site.
This analysis is fundamentally equivalent to that of Lozano and Martinez-Sinchez[37],
where 1 Hz frequencies were deemed suitable, but only goes so far as to pose the problem
rather than estimate a solution for the time scale for a specific geometry. In that paper. Cdl
was approximated to be ~ eco/6, where 6, was the diameter of an ion. The authors focused
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Figure 7-76: A suggested approach to probing electrochemical behaviour of porous emitter
arrays, if deemed feasible/useful following theoretical considerations. The wetted porous
insulator couples the ionic liquid to a probe plate, while a region of blocked pores allows
for contact to the nickel substrate without ionic liquid contact.
on the maximum potential, near the tip, and estimated the time scale for it to reach the
electrochemical window. Full solutions to equation 7.12. possibly calculated numerically,
could provide a more complete. time dependent description.
Applicability to Porous Emitters
Porous emitters are characterized by both long (conducting) fluid paths and high liquid to
metal interface areas. The right side of Fig. 7-75 demonstrates the complexity of these
emitters. One approach could be to use a derivation as above but with estimates for the net
capacitative and resistive areas as a function of emitter height. this has not been attempted
here. Porous emitters could be probed using a coupling like that shown in Figure 7-76
to isolate the ionic liquid from within the porous bulk using an non conducting porous
intermediate. However, the degree to which useful measurements could be discerned from
these measurements, far from the emission site, would need to be considered analytically
before proceeding.
7.8 Future Recommendations
These arrays function in the sense that they can produce a beam of charged particles.
However; a tremendous amount of work remains before they can be ready for application
as a thruster. In the previous chapter some recommendations were made for improving
and/or modifying the electrochemical etching scheme. In the context of producing the
desired fully microfabricated arrays, some more pressing issues are apparent. The following
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Figure 7-77: A modified packaging scheme including more liquid traps, a seat (or pocket)
to localize the grid epoxy and an increased gap between the emitter array and the package
sidewall. Thrust density (per unit area) could be maintained by increasing the emitter
density.
list discusses some recommended topics to considered for further development of the devices,
in no particular order.
" Operating Practices : The rather arbitrary wetting procedure used here undoubt-
edly contributed to the electrical failures observed using fully processed devices. A
much more regimental and repeatable approach to wetting would be crucial in both
ensuring the thrusters are operated in a consistent manner and preventing these prob-
lems. Similarly, simple physical contamination was unfortunately a major issue. The
testing and preparation process should be carried out in a clean environment in the
future if possible.
" Packaging and Electrical Isolation : Operation of the fully microfabricated de-
vices was extremely limited. The close spacing between the support structure and
array may have contributed to overwetting problems. Relaxing this spacing could
be achieved without loss of performance per unit area by simultaneously increasing
the emitter density. As evidenced by the partially etched 952 emitter array shown in
section 6.7, a moderate increase in density should be well within the capabilities of
the current etch process. A package similar to that shown in Figure 7-77, including
liquid traps and a seat for the epoxy, could be a good first approach. The grid to tip
alignment method is inherently sound, but suffered in complete packages due to the
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tendency for the grids to shift during epoxy curing. As the final process step, this
failure was particularly inefficient and a more robust procedure should be developed
as soon as possible.
" Suppressing Electrochemical Reactions : In the short term, this problem may
be dealt with by ensuring the thrusters are always operated at appropriate frequencies
and under conditions of zero net charge transfer. In a thruster application, bipolar
operation of two devices may achieve the later requirement inherently. Alternative
metals and ionic liquids could be more resilient to detrimental reactions, as tungsten
appears to be with the liquids tested here. However; the details of the problem are
complicated and could only benefit from a greater level of understanding.
" Measuring Beam Composition : The title of the this thesis may be somewhat
optimistic. Evidence, with EMI-Im at least, suggests that in their current form these
devices may emit a combination of both ions and charged droplets. This may not be
terrible. If, for example, the conditions required to vary the relative contributions of
the two modes could be controlled, it would be useful in modulating the device specific
impulse. However; understanding the performance capabilities of these devices relies
heavily on confirming if and when purely ionic emission can in fact be achieved.
" Single Emitter Experiments : On a per emitter level, much work remains to be
done in understanding the operation of porous electrospray emitters. For example, the
ultimate limiting mechanism which determines the IV characteristics of these devices
has not been established. Meanwhile, the simultaneous existence and stability of
multiple emission sites on each emitter has not been conclusively confirmed. Studies
of the downstream beam spatial and energy distributions from a single emitter as
a function of operating conditions (voltage, geometry, emitter material) could offer
some clues in this regard.
" Propellant Supply Tank : The current thruster modules have a propellant capacity
of roughly 40 pL. For useful thrusters a propellant tank will be required. Confirmation
that such a tank, with a useful amount of propellant, can be passively coupled to a
device would be a major milestone in verifying the overall thruster concept. A high
porosity and relatively benign material, for example one of the aerogels discussed in
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Chapter 3, could be ideal in this regard.
* Direct Thrust and Ip Measurements : Direct measurements of the total device
thrust, coupled with measurements of the total mass loss during testing would be
required before any definitive statements of performance can be made.
300
Chapter 8
Conclusions
Many decades after their discovery electrospray thrusters are gaining a new life, largely be-
cause they are intrinsically small. The challenge of applying these devices to small satellites
remains a scaling problem but instead of scaling down, we try to scale up these efficient
devices to achieve useful thrust levels, through multiplexing.
The underlying motivation for performing this research has been to aid in developing
useful propulsion systems for these satellites. The porous ionic liquid ion source concept
is particularly exciting in that, if properly packaged and combined with a simple power
processing unit, the resulting thrusters could yield performance levels which meet, or exceed,
state of the art propulsion systems available for much larger satellites. However; excitement
alone can not propel a satellite. In this research, arrays of emitters capable of emitting high
current beams have been fabricated from bulk porous materials in an effort to support
making these thrusters a reality. Specifically, as discussed in Chapter 3. a fabrication
scheme for the emitter arrays, electrochemical etching on porous nickel, was selected not
only because it was promising for fabricating emitters, but because it offered the opportunity
to do so in a manner conducive for packaging the array in a complete thruster.
This decision was not made lightly. To be applied to porous materials, a particular char-
acteristic of electrochemical etching had to be exploited. Specifically, its ability to induce
etch rates fast enough for mass transport properties to become the rate limiting mechanism.
This regime, described in section 4.1, is well understood in the context of etching on solid
materials, but its applicability to bulk porous materials had not be considered in detail.
As a result, choosing this technique in lieu of other more established microfabrication tech-
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nologies required the majority of this thesis to be focused, not on space propulsion, but
on developing both an understanding of electrochemical etching on porous materials and a
tool capable of exploiting that knowledge at pm scales.
Electrochemical etching, in general, can be very complex and challenging to predict in
practice. However; we have shown in this research that for uniform hydraulic conditions
and high etch rates, the situation improves greatly, particularly for forming arrays of porous
ILIS. First, material removed within the pores of a given metal must diffuse over a greater
distance to reach the bulk electrolyte. As the overall etch rate increases, the removal rate
at the surface of pores will far exceed that for material removed within them, the result is
an effective shielding such that (virtually) no etching occurs within the pores. This concept
was described in section 4.3. Second, under these conditions generally complex etching
theories reduce to a relatively simple diffusion problem. Combined, these traits allow for a
process which is well suited for porous materials and can also be considered, to a relatively
reasonable degree of accuracy. using analytical and numerical models. Specifically, in section
4.4, we have treated the transient transport behavior analytically and applied the results to
etching porous materials under both constant and pulsed voltage conditions. Similarly, in
section 4.5. a numerical model was described and employed to simulate feature profiles with
varied hydraulics and masking conditions. This model offered insight into the challenges to
be expected when attempting to achieve emitters which are both suitable for operation as
ILIS and uniformly distributed across a planar array.
In Chapter 6 we have applied this technique to the specific case of fabricating emitter
arrays on porous nickel. Once a general electrochemical cell was established, at the exper-
imental level, a tool which parameterizes the necessary electrical and hydraulic conditions
was matured in tandem with developing an understanding for the most sensitive conditions.
The components and features comprising this tool were described in section 6.1. In section
6.3 we demonstrated that porous nickel, in a hydrochloric acid solution, can be etched in
a transport limited regime whereby limited etching occurs in the porous structure. Fur-
thermore, using the processes outlined in section 6.2.1, and applied throughout Chapter 6,
we have demonstrated that dry film photoresists, as opposed to spin on resists, are well
suited for masking porous materials and are compatible with acid based electrolytes of-
ten used in electrochemical etching. In section 6.4 we discussed how, primarily through
variations to the hydraulic conditions, the process approached a point where moderately
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uniform structures could be fabricated on porous nickel samples which were packaged and
patterned within a silicon frame. As the technique matured the analytical investigations
became more relevant. Specifically. the applicability of pulsed voltage etching to porous
substrates was discussed in section 4.4 where we found that smooth surface etching may be
maintained at relatively high duty cycles and low frequencies. In section 6.4.4 we applied
this technique to forming porous emitter arrays and observed a significant increase in both
array and batch level uniformity compared with samples etched using a constant voltage.
Similarly, in section 4.5 we postulated that transient effects could be detrimental to the
ability for this tool to etch porous materials over short time periods. This concern was
validated in section 6.5 where a relatively short duration etch lead to in pore etching when
attempting to tailor plateau shaped emitters. However, as described in that section, this
problem was suppressed by adding salts to the etch solution such that the transport limited
reaction rate and the amount of etched material required to saturate the substrate surface
were both reduced. This result was then integrated into a complete, two step, etching pro-
cess previously motivated using numerical simulations. First a long duration pulsed voltage
etch was stopped well before completely undercutting circular masks, leaving a uniform
array of plateaus. The masks were then removed chemically such that the plateaus could
be rounded into useful electrospray emitters using a short etch within a doped electrolyte.
This final process was summarized in section 6.6.
Ultimately, these efforts led to a process for producing arrays of emitters, within a silicon
package, ready for testing as ILIS. By aligning the emitters to the silicon frame, we found
that an electrostatic grid, either bonded to (section 7.4) or held just above (section 7.5)
the silicon frame, could be aligned to the same markings. This form of alignment produced
good tip to grid orifice alignment as shown during a discussion of the complete thruster
fabrication process in Chapter 5. When applied as an electrospray source, in Chapter 7,
this configuration yielded very promising emission levels. Specifically. referring to the cases
presented in section 7.5, many hundreds of pA were sustained from two different devices,
using two different ionic liquids, after adding drops of liquid to the rear of the (levice. Hence
we achieved a passively fed emission source using bulk porous media. The emission was
remarkable in that collected currents were observed to rise at rates approaching 1 pA/V
and began at potentials as low as 850 V. Only a small fraction of the beam was intercepted
by the extracting grids, a value which, possibly, could be reduced further if future iterations
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are focused on enhancing ion optics. To be applied as useful propulsion systems these
devices would require significantly more development and some recommended topics for
investigation in this regard were summarized in section 7.8. However, this preliminary
study suggests thrusts on the order of a few 10's of pN can be sustained by these small,
1.2 x 1.2 x 0.2 cm devices at power levels around 0.5 W. These performance levels would
be ideal for small satellites as was discussed for, as an example, a CubeSat in Chapter 1.
However; the story is not entirely a happy ending. All arrays tested for longer than a few
minutes, in section 7.5, experienced a significant current decay which was often accompanied
by a thick residue coating the emitters. As discussed in section 7.7.8, this issue was likely due
to electrochemistry, but it is not clear if the problem can be attributed to current imbalance,
a reduced electrochemical window when using nickel with these ionic liquids, or another
unforseen issue. This must, of course, be investigated further and some promise remains
given the good success when using tungsten emitters for relatively long emission times.
Furthermore, while the majority of results presented here used porous nickel substrates,
transport limited conditions suitable for machining porous media can be enforced on a
variety of materials, as demonstrated with titanium in section 6.3. The findings of these
research could therefore be applicable even as an understanding of ionic liquid ion source
electrochemistry evolves, possibly towards an ideal metal and ionic liquid combination.
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Appendix A
Low Density Porous Tungsten
Arrays with Two Microfabricated
Grids
This experiment was a direct extension of previous work by Legge[70] using flat/linear
arrays of porous tungsten emitters.
These experiments had two goals. first, to demonstrate the capability to control both
emitted current and beam energy using two electrostatic grids., as was briefly mentioned in
section 2.1.2, and second, to test if available silicon wafers could be used as electrostatic
grids for porous electrospray thrusters.
Figure A-1: SEM composite image and emitter from a sample linear array representative
of those used in these tests.
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A.1 Source Design
This design used grids fabricated from standard (n-test, ~1-10 Q - cm) silicon wafers
available from the MIT Micro Technologies Laboratory. The grids were fabricated by etching
750 pm wide, 15 mm long trenches through 650 pm thick silicon wafers using reactive ion
etching, details of this etch are provided below. The emitter strips used here were etched
electrochemically in a simple NaOH cell, before development of the etch station described
in this thesis. The process used to fabricate the emitters was altered slightly from that
developed by Legge., particularly through using a dry film mask adding secondary etching
to round the emitters. Further details concerning the etching scheme can be found in a
paper presented at the 2009 Joint Propulsion Conference[71]. A sample array is shown in
Figure A-1.
The arrays were mounted in a 3D printed ABS plastic base as shown in Figure A-2(a).
The equipment listed in section 7.1.1 was used during these tests. An additional Matsusada
AMS-5B6 power supply was added to the standard configuration (Fig. 7-2). With this
additional supply the extracting potential, Vertract. defined here as the difference between
the emitter and extracting grid potentials was held constant while the overall potential
drop, Vemit was altered. In the absence of field penetration from the second downstream
grid, this setup would ideally allow for independent control of the current, through Vetract,
and the net energy, through Vemit.
In the variable beam experiments below, the two Matsusada supplies were driven by a
single Agilent signal generator with the desired emitting current applied through a manual
bias to one of these supplies. The input signal was set to step the total emitter potential
from over a desired range while maintaining the extracting potential constant over 13 steps,
repeated every 10 seconds. Figure A-3 provides an example of the inputs used to vary
the beam potential from 0.5 to 2.5 kV while maintaining a 1.5 kV extracting potential.
The ScopeMeter was used to monitor the emitting and extractor plate currents while the
accelerating grid and collector plate currents were measured with the 6514 and 6517 Keithley
electrometers respectively.
Initial tests used an array consisting of 2 strips of 10 emitters with variable tip and grid
spacings. This setup was used to select appropriate spacings between the extractors and
the emitter. as shown in Figure A-2(b). The final device used 8 new strips of 10 emitters
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ABS body
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(a) Schematic cross section of the mount used to house porous
tungsten linear arrays, with 10 emitters per array.
High Transmission
Significant Field Penetration
750 pm
Tips - level with
grid midpiont
W emitters
Reduced Transmission
Low Field Penetration
750 pm
200 pm
(b) The positions of the thick electrostatic grids relative to themselves and
the array tips impacted performance.
Figure A-2: Overview of the dual grid tungsten emitter array mount and key geometrical
parameters.
per array for 80 emitters total. Images of the final device are shown in Figure A-4. Along
each strip, the emitters were spaced 1 mm apart, as shown in Figure A-1. The strips were
spaced 2.5 mm apart within the ABS mount.
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Applied Voltage Steps for a 1.5 kV Extracting Potential
-V
VextraCt~
Time (s)
Figure A-3: Measurements at variable
performed by stepping Vemit and Vacc.
beam energy with constant extracting potential were
together while maintaining a constant differential.
(a) Photographs of the assembled emitter thruster with two (b) Photograph of the linear 8 arrays of
silicon electrostatic grids. 10 porous tungsten emitters assembled
into the ABS mount.
Figure A-4: Photographs of the 80 emitter porous tungsten, dual grid, test thruster.
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A.1.1 Grid Fabrication Process
Grids were fabricated within the Technology Research Laboratory (TRL) portion of MTL
beginning with 6" wafers. The process was recommended by Anthony Zorzos and Dennis
Ward of MIT and is outlined in table A.1.
Table A.1: Fabrication Process for Silicon Slit Grids
Process Stage Equipment Wafers Notes
Resist coating spin coater Silicon 8 ptm of AZP4620 resist
950C furnace Silicon 30 minute bake
spin coater Silicon 8 jim of AZP4620 resist
95'C furnace Silicon 60 minute bake
Photolithography aligner Silicon 7 intervals, 15s exposure, 15s relaxation time
Silicon Develop in AZ 440 MIF
Wafer mounting spin coater Quartz AZP4620 target pattern
Silicon/Quartz Mount silicon wafer onto dummy quartz wafer
95'C furnace Silicon/Quartz 30 minute bake
Through wafer etch SF 6 /C 4F8 plasma Silicon/Quartz DRIE etch through silicon wafer (~ 12 hours)
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A.2 Variable Beam Energy Demonstrations
Data acquired using the 20 emitter array configured as on the left side of Fig. A-2(b) are
presented in Figure A-5. In this case the array was configured for maximum transmission
through the first electrostatic grid. Here the extracting potential has been held constant at
± 2.0 kV while the overall potential Vemit was varied from 0 to 4.0 kV. The data are plotted
against the ratio of the overall emitter potential to the extracting potential. The data has
been averaged over each step in emitter potential with the indicated errorbars giving the
standard deviation during that step. The plots show that while low interception on the grid
was maintained, the emitted current varies significantly throughout the test. Recall that
ideally the emitted and transmitted currents would remain fixed throughout this scan as
the beam is electrostatically slowed or accelerated downstream.
The second configuration shown in Fig. A-2(b) was identified, using the 20 emitter array,
to have less potential penetration and was selected when assembling the larger 80 emitter
array thruster shown in Fig. A-4. Before testing for variable energy, an IV sweep was taken
with both electrostatic grids grounded (no downstream acceleration). As shown in Figure
A-2(b), high emission currents were obtained with this device but the beam current was
greatly reduced due to high levels of interception on both electrostatic grids.
The thruster was then used for variable beam energy measurements as in the example
above. In this case the total emitter potential was varied from 0.5 to 2.5 kV (as in Fig.
A-3) in both positive and negative polarities. Samples of the collected data are provided
in Figure A-7. The collected data suffered from high levels of noise, particularly in the
positive polarity case. However; despite the noise, the results indicate that, compared
with the transmission targeted example above, this configuration can sustain emission more
favorably during deceleration. Although the emitted current is clearly influenced by the
net beam potential., the dependence has been reduced at the expense of significant beam
interception.
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20 Emitter Thruster: High Transmission Case with -2.0 kV Extracting Potential
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(a) Current measurements made while ramping the net emitter potential while holding the extracting
potential constant at -2.0 kV.
20 Emitter Thruster: High Transmission Case with +2.0 kV Extracting Potential
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(b) Current measurements made while ramping the net emitter potential while holding the extracting
potential constant at +2.0 kV.
Figure A-5: Variable beam energy tests for an extracting potential of ± 2.0 kV for the low
beam interception case of Fig. A-2(b)
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IV Characterization for an 80 Emitter Tungsten Array
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Figure A-6: Initial IV characterization of an 80 emitter, porous tungsten array configured
using the low field penetration grid and emitter spacings shown in Fig. A-2(b).
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(a) Current measurements made while ramping the net emitter potential while holding the extracting
potential constant at -1.5 kV.
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(b) Current measurements made while ramping the net emitter potential while holding
potential constant at +1.5 kV.
Figure A-7: Variable beam energy tests for an extracting potential of ± 1.5 kV for the low
field penetration case of Fig. A-2(b) using the 80 emitter array.
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A.2.1 Discussion and Applicability to Microfabricated Thruster Arrays
The results suggested that silicon grids, without metal coatings, may be suitable for porous
emitter arrays. However; these grids are nearly 10 times thicker and much more dense than
those used in the microfabricated porous nickels thrusters developed here (see Chapter 5
for details of those grids). Thin, un-coated grids were initially tested with nickel emitter
arrays but strong discharges and inconsistent behavior resulted, leading to the gold coated
grids used in the final package.
Emission from this device was held to a minimum to prevent any damage or decay
prior to future work to be done by other researchers. Nevertheless, the limited data offers
support for variable beam energy operation if proper beam optics can be developed. From a
microfabrication standpoint, adding a second, aligned, grid to the design shown in Chapter
5 would be feasible. A primary challenge in that case would lie with ensuring sufficient
electrical insulation between grids. A first step towards achieving this would logically be an
improvement in the characterization of typical beam divergence profiles from planar porous
emitters. Subsequently a design to maximize beam optics while maintaining axial potential
gradients could be attempted.
Although some degree of field penetration from the second, downstream. grid may never
be eliminated, this influence could be actively adjusted for by a simple controller on a
spacecraft. Alternatively open loop control may be possible by fully characterizing the
device over a larger range of operating conditions. In either case, this would allow for
the desired independent control of both emitted current and beam potential. In terms
of propulsive applications, this would equate to independent control of beam power and
specific impulse.
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